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The realization of scalable devices for quantum information processing and networking is of utmost importance
to the quantum information community. Building such devices is difficult because of challenges in achieving
all the necessary functionalities on a unified platform. However, the consolidation of unique experimental
and theoretical capabilities in quantum physics and integrated photonics can provide a promising solution.
Hybrid quantum photonics systems, in which solid-state based quantum registers are integrated with on-
chip photonic structures and devices, are attractive candidates for such scalable devices. Such systems allow
efficient processing, storage, and readout of the quantum information. Here we discuss practical efforts
in the implementation of hybrid quantum devices. We review solid-state candidates for quantum registers
and their integration with photonic structures with a particular emphasis on their coupling with resonant
nanostructures. Our work contributes to further development and realization of quantum networking protocols
and quantum logic on a scalable and fabrication-friendly platform.
I. INTRODUCTION
Quantum information networks are at the forefront of
practical applications of quantum technology1. These
networks employ stationary quantum systems as nodes,
which process and store quantum information. The
nodes are connected by quantum links, which transfer
quantum information from one node to another. Deploy-
ment of quantum networks enables the acceleration and
scaling-up of processing along with the distribution of
quantum information. The number of accessible states in
the quantum network grows exponentially with the num-
ber of nodes, while in conventional networks, it scales
linearly. Besides, connecting quantum nodes allows se-
cure and private communication as well as distributed
quantum computation1,2.
In physical implementations of quantum networks, the
nodes are realized as stationary quantum systems (quan-
tum dots, atomic defects in solids, atoms etc.). Solid-
state systems possess outstanding quantum optical prop-
erties that can be used as building blocks for quantum
networks. Quantum information can be stored, for exam-
ple, in the electron spin of a defect and the nuclear spin
of nearby atoms with relatively long coherence times (a
few ms) even at room temperature. During this time, it
is feasible to record, manipulate, and readout quantum
information. Quantum logic can be implemented with
incident microwave and RF fields, driving transitions be-
tween electron and nuclear sublevels. These blocks can
interact with each other via photon-mediated interaction.
Optical links connect the nodes as they enable reliable
and fast transfer of quantum information.
Two of the biggest challenges in the development of
quantum networks are, (1) Efficient connection between
stationary nodes and their optical links, which pro-
vide high fidelity transmission, and (2) A scalable and
fabrication-friendly platform, which accommodates both
stationary nodes and their optical links. Any platform
built to overcome these challenges needs to satisfy com-
patibility requirements for different materials, operation
wavelengths, and temperatures.
A practical approach towards implementing scalable
quantum networks is to employ integrated photonics
technologies. The quantum information can be encoded,
for example, in spin states of atomic defects in diamonds
or quantum dots, which are used as stationary nodes.
Then the stationary nodes are interconnected via opti-
cal waveguides made of low-loss materials. Optically-
resonant nanostructures are used to enhance the cou-
pling of photons emitted from the stationary nodes into
waveguides. Photons can then be distributed to differ-
ent nodes on the same chip or between different chips to
create quantum entanglement between the nodes. Fur-
thermore, for the readout of quantum information, one
can use compact single-photon sensitive photodetectors
fabricated on the same chip. Generation, transport, ma-
nipulation and detection of quantum information can all
be accomplished on this scalable, intrinsically stable and
fabrication-friendly platform.
The physics concepts, developed for quantum net-
works, can be further applied in quantum metrology and
sensing3,4. Combining quantum systems with compact
photonic devices will lead to the development of a new
family of highly sensitive temperature, stress, inertia,
electric and magnetic field sensors with high spatial reso-
lution. These sensors will find applications in microelec-
tronics, bio-chemical, and healthcare industries.
In this review, we discuss practical efforts by many
groups in implementing essential elements of quantum
networks using integrated photonics technologies. Fol-
lowing a brief theoretical introduction (Section II), we
review the integration of various solid-state quantum sys-
tems with on-chip optical structures. We discuss pho-
tonic integration of color centers in bulk diamonds and
diamond nanocrystals (Sections III and IV), quantum
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2dots (Section V), and 2D materials (Section VI).
II. THEORETICAL BACKGROUND
A necessary requirement for many quantum comput-
ing, quantum information or nano-scale sensing applica-
tions is a stable, scalable quantum system with discrete
energy levels. Discrete energy levels within a solid-state
system normally described by valence and conduction
bands might seem at odds with intuition but they can
exist under special circumstances near a lattice defect or
in quantum dots where electrons are physically confined
to such small spatial volumes that their eigen-energies
are discrete. Here we briefly review the nitrogen vacancy
defect in diamond, a well studied qubit candidate with
many potential nano-sensing applications, to illustrate
how such discrete states may arise in the band gap of
diamond, and motivate the benefits of integrating such
qubits to photonic structures. We note that although de-
fects and quantum dots may have discrete energy levels
for somewhat different reasons, yet they must neverthe-
less overcome similar challenges before they can be used
as practical qubits on a solid state platform and these
challenges can be similarly mitigated by their integration
with photonic structures.
A. The NV− center as an illustrative qubit
A nitrogen vacancy (NV) center in diamond con-
sists of a nitrogen atom (a substitutional defect) that
is paired together with a neighboring vacant site. The
substitution-vacancy pair can be aligned along any of
the equivalent <111> directions in the crystal and typ-
ically, all four possible orientations of the NV centers
are found in equal proportions although we note that
relatively recent work have successfully created prefer-
entially oriented NV centers5–7. Although NV centers
are known to exist in two distinct states (traditionally
labeled as NV0 and NV−)8, it is the NV− state that
has of late received the most attention due to its at-
tractive optical and spin properties that have made it
amenable to a variety of technological applications in-
cluding quantum computation9, quantum information10
and microscopic magnetic11, electric12, stress13, inertia14
and even thermal15 sensing. For this reason, we shall
focus exclusively on NV− for the rest of this section
although we remark here that the NV0 state can af-
fect the dynamics of NV− in important ways. For ex-
ample, despite the excellent photostability of the NV−
center (which is another reason for its popularity), it is
known that the fluorescence of NV− can be significantly
(but mostly reversibly) quenched16–19 when probed at
high (typically pulsed) laser intensity and that this has
been partially attributed to a spin-dependent ionization
of NV− to NV0 20. Moreover, oscillations between NV−
and NV0 have been observed as a function of the excita-
tion wavelength21 and it is estimated that the NV center
can be in the NV0 state for ∼ 30% of the time under
usual operating conditions22. Nevertheless, we also note
that these effects may be mitigated by further anneal-
ing at 1200 ◦C23,24, and more generally, the equilibrium
concentration25 and stability of the NV− state depends
on the Fermi level, which may be altered, among other
things, by doping (N is itself a deep donor), irradiation,
heating, photo-excitation, surface-termination, and an-
nealing conditions8,26–30.
1. Energy levels of NV−
The NV center has a C3v point symmetry with 2 one-
dimensional irreducible representations (A1 and A2), and
a two-dimensional irreducible representation (E)31,32.
Consequently, theoretical studies of the NV center often
begin by building one-electron molecular orbitals (MO)
from a linear combination of carbon and nitrogen sp3
atomic orbitals31 that conserve C3v symmetry. Ab ini-
tio calculations33–38 suggest that there are 3 such MOs
which lie within the band gap of diamond while 1 MO
was found to lie in the valence band. These MOs can be
labeled {a′1, a1, eX , eY } according to whether they trans-
form as A1 or Ex,Ey under C3v and are listed in as-
cending energy order as determined by symmetry/charge
considerations31,39. Since the ground-state of NV− is a
spin triplet40, which requires an even number of elec-
trons, and considering that a substitutional nitrogen
atom has 2 valence electrons that are not involved in co-
valent bonding while its neighboring vacancy defect has
3 “dangling” electrons, NV− is typically modeled as a
5 + 1 = 6 electron system, where the extra electron is
assumed to have been captured by the center from an-
other impurity in the lattice37,41,42. In a six electrons
model, the electronic configuration of the ground state
is a′21 a
2
1e
2 (a′1 lies within the valence band) while that of
the first excited state is a′21 a
1
1e
3 39. Since the NV cen-
ter has C3v symmetry, it is convenient to use basis states
that are C3v invariant. Given a particular electronic con-
figuration, basis states of the full 6-electron wavefunc-
tion may be obtained by taking tensor products of the
C3v invariant MOs with C3v invariant linear combina-
tions of the |1/2,±1/2〉 spin states. The resulting basis
states may then be classified according to whether they
transform as A1, A2 or E under C3v. It turns out that
the ground state configuration (a′21 a
2
1e
2) consists of an
orbital-singlet spin-triplet 3A2 state, an orbital-doublet
spin-singlet 1E state, and an orbital-singlet spin-singlet
1A1 state, while the excited state configuration (a
′2
1 a
1
1e
3)
consists of an orbital-doublet spin-triplet 3E state and an
orbital-doublet spin-singlet 1E′ state.
Turning on multi-electron Coulomb repulsion splits
the degeneracy of the 3A2,
1A1 and
1E levels in the
ground state configuration as well as the degeneracy of 3E
and 1E′ in the excited state configuration39. This is in
agreement with measurements involving electron para-
3FIG. 1. Energy levels of the ground and first excited MO
configuration of the NV−. States labeled here with a |n,ms〉
notation are spin-orbit states that transform according to a
particular row of an irreducible representation of C3v (labeled
by n)31,39, which are the convenient basis states to use in the
presence of spin-orbit/spin-spin interactions. Note that they
are linear combinations of states with definite azimuthal spin
quantum numbers ms and can hence have ms = ±1. PSB
denotes the phonon side band. Solid lines with single arrow
heads denote optical transitions, while solid lines with dou-
ble arrow heads denote microwave transitions. Non-radiative
ISCs are denoted by dashed lines. A darker ISC line between
the ms = ±1 states of 3E to 1A1 is used to illustrate the faster
ISC rate for that transition. Spacing of the energy levels are
not drawn to scale.
magnetic resonance (EPR) in the dark40, optical hole
burning43, optically detected magnetic resonance44,45
(ODMR), and Raman heterodyne measurements46, that
all point towards a spin triplet 3A2 ground state. More-
over, the excited state has been determined via ODMR
measurements47,48 to be a spin triplet 3E state in line
with the above theoretical expectations. Early uniaxial
stress studies49, together with the results above, indicate
that the prominent zero-phonon line (ZPL) observed at
1.945 eV (637 nm) is due to a 3A2 → 3E transition.
The ordering of the singlet 1E and 1A1 states were the
subject of much controversy over the years but recent
ab initio38,50 calculations and observations of the zero-
phonon line under application of uniaxial stress51 have re-
solved that the 1E singlet state is the lower energy state.
Earlier detection of infrared emission from the NV− cen-
ter that was anti-correlated with visible fluorescence at
637 nm and confirmed by uniaxial stress measurements to
be associated with a A→E transition gives a splitting of
1046 nm between the 1E and 1A singlet states52. We note
that the relatively weak infrared emission at 1046 nm
suggests that there are probably additional non-radiative
decay pathways between 1E and 1A52. It is also worth
pointing out that the results of an ab initio calculation38
and measurements of non-radiative inter-system cross-
ing (ISC) rates53 suggest that an additional third singlet
state might exist between the ground 3A2 and excited
3E
states.
Spin-spin interactions31,41,42 further split the ground
3A2 state into a spin singlet A1 (with ms = 0) and
spin doublet Ex,Ey (with ms = ±1) state so that there
is a finite splitting between ms = 0 and ms = ±1
states at zero magnetic field. Early EPR54 and hole
burning experiments43 measured this zero-field splitting
Dgs to be ≈ 2.88 GHz. Similarly, spin-spin and spin-
orbit interactions31 further split the excited 3E state into
Ex,Ey states with ms = 0, and A1,A2,Ex and Ey states
with ms = ±1 (see Fig. 1). Compared to the ground
state however, the excited state is considerably more sen-
sitive to shifts induced by lattice strains47,48,55 and the
exact ordering of its states are less certain. Neverthe-
less, it is clear from EPR measurements that the zero-
phonon line at 637 nm is associated with a spin-triplet
excited state and that the triplet state consists of a spin-
singlet (i.e. the Ex,Ey states with ms = 0) and spin-
doublet (consisting of A1, A2, Ex and Ey states with
ms = ±1) state that are separated by a zero-field split-
ting Des of ≈ 1.42 GHz47,48. We note that Dgs is tem-
perature dependent and that this can potentially be a
significant problem for magnetometry applications56 al-
though it also conversely allows the NV− to be used as
a nano-scale temperature sensor15.
Besides spin-spin and spin-orbit interactions, there is
of course a Zeeman shift for states with ms = ±1.
EPR measurements have shown that the g-factors for
both ground and excited states are close to 2, indicat-
ing that there is likely to be negligible orbital angular
momentum in either states47,48. Moreover, since both
14N (I = 1) and 15N (I = 1/2) have non-zero nuclear
spin I, there is in addition a measurable hyperfine shift
due to the nitrogen nucleus57. For the case of 14N with
I = 1/2, there is also a shift due to the nuclear electric
quadrupole moment32. Furthermore, electric fields in the
crystal leads also to a Stark shift in the ground state en-
ergies and uniaxial strain, which can be unambiguously
parametrized as an effective electric field, affects the NV
center in a similar way39. Since most applications of the
NV− center requires a manipulation of the ground state
spin, we summarize this section by giving the spin Hamil-
4tonian of the ground state:
Hgs
h
= Dgs(T )
(
S2z −
S2
3
)
+A‖gsSzIz +A
⊥
gsS⊥ · I⊥
+ Pgs
(
I2z −
I2
3
)
+ d‖gs(Ez + δz)
(
S2z −
S2
3
)
+ d⊥gs(Ex + δx)(S
2
y − S2x)
+ d⊥gs(Ey + δy)(SxSy + SySx)
+
ggsµB
h
B · S, (1)
where S and I are the electron and nuclear spin opera-
tors respectively, and B, E, and δ are the magnetic, elec-
tric and strain (parametrized as an effective electric field)
fields respectively. Dgs(T ) is the temperature dependent
zero-field splitting of the ground state due to spin-spin
interactions that reduces to ≈ 2.88 GHz at room tem-
perature while Ags, Pgs, dgs and ggs are the hyperfine
constant, nuclear electric quadrupole constant, electric
dipole moment, and g-factor of the ground state respec-
tively. ‖ components are aligned along the (z) axis of the
NV center, while ⊥ components are transverse to it. As
usual, h is Planck’s constant and µB is the Bohr mag-
neton. For the convenience of the reader, we have listed
the measured values of these parameters in Table I.
Parameter Isotope Value
d⊥gs
14N,15N 17±3 (Hz cm/V)58
d
‖
gs
14N,15N 0.35± 0.02 (Hz cm/V)58
gs
14N,15N 2.0028± 0.000354
A⊥gs
14N −2.70± 0.07 (MHz)57
A
‖
gs
14N −2.162± 0.002 (MHz)59
Pgs
14N −4.945± 0.005 (MHz)59
A⊥gs
15N 3.65± 0.03 (MHz)57
A
‖
gs
15N 3.03± 0.03 (MHz)57
TABLE I. NV− ground-state spin Hamiltonian parameters.
2. Spin initialization and read out
A key reason for the popularity of the NV− cen-
ter in technological applications ranging from quantum
computing to nano-scale sensing is the ease in which
its spin state may be prepared and read out. To ob-
tain a typical two-level system, a magnetic field is typi-
cally applied to lift the degeneracy between the ground
ms = ±1 states and either a {|ms = 1〉 , |ms = 0〉} or
{|ms = −1〉 , |ms = 0〉} basis is used. The NV− center
is typically initialized by optically pumping it into the
3A2 ms = 0 state by illuminating the NV
− center with
linearly polarized light at 532 nm, which non-resonantly
depopulates the 3A2 states into the phonon sidebands of
the 3E states. Although both the (spin) singlet and dou-
blet in the excited state can decay back to the ground
FIG. 2. Fluorescence from a NV− center after initialization
to either a ms = 0 or ms = ±1 state. Data in this trace was
obtained after averaging over 3× 107 measurements. The op-
timal duration for photon counting can be obtained by using
a maximum likelihood analysis to optimize the discrimina-
tion between ms = 0 versus ms = 1 states. Reprinted with
permission from Ref. 62 © The Optical Society.
state via (mostly spin-conserving49,60) radiative transi-
tions, the doublet with ms = ±1 can also decay via
an ISC to the 1A singlet at a significantly higher rate,
and consequently, fluorescence at the 637 nm ZPL is due
mostly to radiative decays from the ms = 0 singlet in
the excited state, thereby allowing for easy spin-sensitive
photoluminescence measurements (see Fig. 1). Ab initio
calculations suggest that the much faster ISC from the
ms = ±1 doublet to the 1A1 state is due to both a level
crossing between the 3E and 1A1 states as well as spin
orbit interactions that preferentially couple part of the
3E state with A1 representation (ms = ±1) to the 1A1
state61.
Fig. 2 shows an averaged fluorescence trace of a NV−
center after it has been initialized to either a ms = 0 or
ms = 1 state. Evidently, fluorescence from a ms = 0
and ms = 1 state is markedly distinct at early times al-
though they both eventually settle to the same constant
level at late times. This may be understood by first not-
ing that since the radiative lifetime of the NV− center’s
ZPL is ≈ 13 ns63, the trace in Fig. 2 comprises of multi-
ple optical cycles. At early times, the fluorescence for the
NV− center initialized to both the ms = 0 and ms = 1
states rapidly increase after the onset of the excitation
laser, but as explained above, the ms = 1 state emits
less fluorescence due to a non-radiative ISC decay to the
1A singlet state. The fluorescence for the ms = 1 state
then decreases to a minimum, which corresponds to a
period when there is high occupancy of the intermediate
non-radiative singlet states before decay to 3A2 occurs.
However, at later times, the fluorescence increases again
as these singlet states decay back to the ground 3A2 state,
populating both the ms = 0 and ms = ±1 states. As-
suming two singlet levels, there are two possible route for
this decay: 1) an ISC from 1A1 to
3A2 and/or 2) a decay
(through radiative and non-radiative channels) from 1A1
to the 1E state, followed by an ISC to 3A2
61 (see Fig.
1). Measurements of ISC rates from the singlets (1A1,
1E
5and possibly an additional singlet) indicate that decays
from all the singlets to 3A2 is largely not spin-selective
and therefore both ms = 0 and ms = ±1 states in the
3A2 ground state are populated from the singlets’ decay.
Nevertheless, due to spin-selective depopulation of 3E to
1A1, there is typically a ∼ 80% polarization of the ground
state in ms = 0 after equilibrium under optical pumping
has been reached53,64. This procedure therefore allows
for both the read-out and re-initialization (with ∼ 80%
polarization of the ms = 0 state) of the NV
− center.
To prepare a state in ms = ±1, a typical procedure is
to first initialize it to the ms = 0 state before perform-
ing a microwave pi pulse to transfer the ms = 0 state to
ms = ±1.
The utility of the ZPL’s transition in reading out the
ground state spin of a NV− center is obvious, and al-
though there are other more sophisticated techniques for
single-shot read-out of the NV− spin using low temper-
ature resonant excitations65 or coupling to the nuclear
spin of a nearby 13C or 15N atom66, they also require the
above spin-dependent fluorescence. More generally, tran-
sitions at the ZPL allow for coherent spin-photon cou-
plings and is desirable for many quantum applications.
Conversely, phonon side band emissions are undesirable
for many quantum photonic applications since they are
incoherent and will degrade the indistinguishability of the
emitted photon, which is for example required for two-
photon interference used in quantum teleportation67–69
and entanglement swapping70,71. We note that there are
several other common factors that can contribute to the
degradation of an emitted photon’s indistinguishability.
In general, fast interactions (compared to the radiative
lifetime) with the solid-state environment through, for
example, phonons and charge(if in a semiconductor)/spin
noise72,73, will induce dephasing of the optical transitions
and decrease the indistinguishability of emitted photons.
On the other hand, slower interactions (relative to the
radiative lifetime) will induce spectral diffusion of the
emission wavelength (see Fig. 21a).
Ideally, all of the NV−’s fluorescence would be due to a
ZPL transition, but since it is embedded within a solid,
phonon interactions can significantly broaden the ZPL
transition and in reality, only a fraction of its fluores-
cence (quantified by the Debye-Waller factor) is due to
a ZPL transition. This is an especially severe problem
for the NV−, which has a Debye-Waller factor of only
∼ 0.0474,75. Although other quantum systems embed-
ded within solid-state materials may have higher Debye-
Waller factors, they all likewise benefit from enhanced
ZPL emission. Fortunately, integrated photonics can,
besides the obvious advantages of providing stable and
scalable waveguiding to quantum nodes on a chip, help
quantum emitters embedded within solid-state materials
to enhance their ZPL emission through the Purcell effect,
which we review below.
B. Enhancement of ZPL emission through the Purcell
effect
To begin with, let us first review the derivation of
the expression for a power radiated by a dipole emit-
ter. Maxwell’s equations in the source free region can be
casted as76
∇× E˜(r, t) = −µ0 ∂H˜(r, t)
∂t
(2)
∇× H˜(r, t) = J˜(r, t) + (r)∂E˜(r, t)
∂t
, (3)
where E˜, H˜ and J˜ are position r and time t dependent
electric field, magnetic field and free current density vec-
tors. In equations (2) and (3), µ0 and (r) are the vacuum
permeability, and position dependent (absolute) permit-
tivity respectively. For a time-harmonic electric field, we
may write
E˜(r, t) =
1
2
(
E(r)e−iωt +E∗(r)eiωt
)
, (4)
where ω is the angular frequency of light. Similar ex-
pression holds for all the other time dependent fields in
equations (2) and (3). In terms of the time-harmonic
fields equations (2) and (3) may be written as
∇×E(r) = iωµ0H(r) (5)
∇×H(r) = J(r)− iω(r)E(r). (6)
The Poynting vector S˜ = E˜×H˜ denotes the power propa-
gated per unit area. Taking the divergence on both sides
of this expression, applying the vector identity
∇ · (E˜× H˜) = H˜ ·∇× E˜− E˜ ·∇× H˜, (7)
and using equations (2) and (3), we can show that77
∇ · S˜ = −J˜ · E˜, (8)
where we have assumed the medium is linear so that the
time varying terms H˜ · (∂B˜/∂t) and E˜ · (∂D˜/∂t) may be
dropped. The time-averaged version of equation (8) can
be obtained using the time-harmonic fields (4) as
∇ · S = −1
2
Re[J∗(r) ·E(r)]. (9)
By integrating equation (9) over the volume, we
can show that the time-averaged radiated power is
− ∫ d3 rRe[J∗(r) ·E(r)]/2. For a radiating dipole at po-
sition r = r0, the current density is modeled via
77
J(r) = −iωp δ(r− r0), (10)
where p is the dipole moment vector and δ(r) is the Dirac
delta function. Substituting (10) into the expression for
6the time-averaged radiated power, we get that the aver-
aged power radiated by the dipole is
P =
ω
2
Im[p∗ ·E(r0)]. (11)
The Purcell factor F of a dipole emitter represents the
normalized emission rate when the emitter is placed in
an optical cavity. The rate is normalized with respect
to the emission rate in free space (i.e., in the absence of
the cavity). The power radiated by a dipole in a homoge-
nous dielectric medium is P0 = ω Im[p∗ ·E0(r0)]/2, where
E0(r0) is the dipole field in the homogeneous dielectric
medium. Using the well-known expressions for E0(r0),
it can be shown that P0 may be succinctly written as
P0 = µ0|p|2nω4/(12pic), where n is the refractive index
of the dielectric medium and c is the speed of light77.
With these expressions for P and P0, the Purcell factor
is given by F = P/P0. One can also derive similar ex-
pressions for P and P0 using Fermi’s golden rule. The
quantum derivations will have an additional factor of 4,
and this is related to fields from vacuum fluctuations78.
Nevertheless, the factor cancels out in the ratio of F so
that both classical and quantum derivations yield the
same result.
When a dipole is placed in a structured dielectric
medium like photonic crystal cavities, the corresponding
electric field can be expressed as a sum of the dipole’s
own field E0(r) and the scattered electric field Es(r0).
Using F = P/P0 and the expression for P0, it can be
shown that
F = 1 +
6pic
µ0n|p|2ω3 Im[p
∗ ·Es(rc)]. (12)
Equation (12) may be evaluated by numerically simulat-
ing a dipole source in a finite-difference time-domain79
(FDTD) simulation of Maxwell’s equations where in gen-
eral the field created by the dipole consists of its own field
and the scattered field, but the scattered field Es(r) may
be obtained by Fourier transforming the electric fields
after the dipole excitation is switched off80.
The fields E(r) andH(r) are the total fields in the pres-
ence of the dipole emitter with current density J(r) (10).
All E,H and J fields obey equations (5) and (6). Let
us assume the fields may be expanded using the quasi-
normal modes of the optical cavity81–83. Under single-
mode conditions the expansions can be written as
E =
∑
n
αnEn = α0E0 (13)
H =
∑
n
αnHn = α0H0, (14)
where α0 is the expansion coefficient for the single
mode84,85. E0 and H0 are the electric and magnetic field
of the quasi-normal single mode and they obey (in the
absence of free currents)
∇×E0(r) = iω˜0µ0H0(r) (15)
∇×H0(r) = −iω˜0(r)E0(r), (16)
where ω˜0 is the complex frequency of the quasi-normal
mode. Applying, Lorentz reciprocity theorem84 to the
set of fields (E,H) and (E0,H0), we have
∫
d3r∇ · (E×
H0−E0×H) = 0. Subsequently, equations (5), (6), (15)
and (16) can be combined as i(ω− ω˜0)
∫
d3r (E ·(r)E0−
µ0H ·H0) =
∫
d3r J ·E0. Using this result and equations
(10), (13) and (14), it can be shown that the complex
expansion coefficient α0 is
α0 = −ωp ·E0(r0)
(ω − ω˜0)I , (17)
where I is given by
I =
∫
d3r (E0 · (r)E0 − µ0H0 ·H0). (18)
Using this integral, a mode volume V for the single mode
can be defined as
V ≡ I
20n2[E0(r0) · p]2 , (19)
where 0 is the vacuum permittivity and n
2 is the square
of the refractive index.
For cavities with high quality factor, the quasi-normal
modes can be approximated to be normal modes where
the integral I and the mode volume V are real-valued. If
we assume that E0 ∈ Re, we see from equations (15) and
(16) that H0 ∈ Im, and therefore I =
∫
d3r (|E0|2 +
µ0|H0|2) = 2
∫
d3r |E0|2, where we have used the fact
that
∫
d3r |E0|2 =
∫
d3rµ0|H0|2 which follows from
equation (7) and the requirement that
∫
d3r∇ · (E0 ×
H∗0) = 0 for normal modes in which there is no out flow
of energy from the cavity. By assuming a real I and using
equations (13) and (11), it may be shown that the maxi-
mum Purcell factor on resonance (i.e. ω = ω0 = Re[ω˜0])
is given by
Fc =
P
P0
=
3
4pi2
(
λ0
n
)3
Q
V
, (20)
where Q = Im[ω˜0]/(2Re[ω˜0]) and λ0 = c/(2piω0). In
the case of a slight deviation off resonance, it is straight-
forward to show that F = FcLs(ω), where Ls(ω) is the
Lorentzian line shape function
Ls(ω) =
ω20
ω2
ω20
ω20 + 4Q
2(ω − ω0)2 . (21)
Sauvan et al.84 showed that for cavities with small quality
factors, it is important to include the leakage part of the
fields in the integral of I. Consequently, this leads to
a complex volume, and in this case one can obtain a
generalized F
F = FcLs(ω)
(
1 + 2Q
ω − ω0
ω0
Im[V ]
2Re[V ]
)
, (22)
where Fc is now
Fc =
3
4pi2
(
λ0
n
)3
Q
Re[V ]
. (23)
7C. Advantages of hybrid quantum photonics
Equations (20) and (23) indicate that to maximize
the spontaneous emission at the ZPL, it is necessary to
achieve a high Q/V ratio at the ZPL wavelength. Typical
cavity structures include microdisks86,87, micropillars88,
nanopockets89–91 and photonic crystals92. The whisper-
ing gallery modes of microdisk cavities can have very
high quality factors of Q ∼ 105, but relatively large
mode volumes86. For micropillar resonators with in-
tegrated Bragg mirrors, very high Q > 250, 000 and
small V < (λ/n)3 can be achieved, where λ is the wave-
length and n is the refractive index88. Nanowires93 and
nanopillars94 (see Fig. 3 for an example), like micropil-
lars, are also efficient vertical-emitting photon sources
when coupled with a quantum emitter such as a quan-
tum dot or NV− center. Yet although they are useful for
applications requiring outcoupling of light from the plane
of the device, they are not as well suited for planar rout-
ing of light. Photonic crystal cavities (PCCs) present an
appealing compromise between high Q, low V , and effi-
cient in-plane coupling. PCCs commonly take the form
of a membrane of material with a periodic lattice of air
holes, where selected holes have been displaced to form a
defect in the photonic crystal bandgap. A prominent ex-
ample is the L3 cavity with three missing holes in a line
(see Fig. 8 for an example), which supports polarized
single modes with a relatively wide spectral margin92.
For fabricated L3 cavities with embedded quantum dots
(QDs) on a GaAs platform, Q ∼ 104 and V ∼ (λ/n)3 has
been demonstrated95,96.
For optimal coupling to the cavity, it is important for
the quantum emitters, which may be modeled as dipole
emitters, to be correctly oriented and positioned to match
the cavity’s mode and polarization. For example, light
emission from a strain-free NV− center has a single ZPL
transition that may be modeled using a pair of orthogonal
dipoles97 (with equal strength of dipole moment) perpen-
dicular to the NV axis while SiV centers, which have four
ZPL transitions at cryogenic temperatures98,99, may be
modeled as single dipole emissions. A misalignment of
the optical dipole’s orientation with respect to the cav-
ity can significantly affect the modes it excites as Fig. 3
shows.
Cavities are not only useful for enhancing spon-
taneous emission but they are also useful in en-
hancing absorption, which can be beneficial under
certain spin-to-charge100,101, spin-to-photocurrent102,103
and magnetometry104,105 read-out schemes. Besides en-
abling enhanced emission/absorption and out-of-plane
waveguiding of quantum emitters, integrated photonic
structures can also of course provide for in-plane waveg-
uiding through conventional waveguides or line-defect
PCC waveguides. In the following sections, we review
various fabrication techniques for quantum emitters and
their integration with different photonic structures.
FIG. 3. (a) Scanning electron microscope (SEM) image of
diamond nanopillars. (b), (c) FDTD simulations of the E-
field’s magnitude for orthogonal orientations of the optical
dipole (shown with white arrows). Reprinted from Ref. 94,
with the permission of AIP Publishing.
III. NV− CENTERS IN BULK DIAMOND
The NV− center introduced in section II A is a par-
ticular example of a defect center in diamond. However,
there are many other defects in diamond and more gen-
erally, defects that give rise to discrete energy levels with
optical transitions in the visible are frequently labeled
color centers since they give color to the diamond when
excited. Although we shall in this section focus on the
NV− center in bulk diamond, we note that many of the
fabrication techniques reviewed here can also be, by sub-
stituting nitrogen for the appropriate impurity element,
analogously applied to other color centers. In section IV,
we shall review a few other color centers in nanodiamonds
and their integration with various photonics structures.
Since the NV center consists of a substitutional nitro-
gen atom adjacent to a vacancy, there are two necessary
ingredients to the making of a NV center: nitrogen im-
purities and vacancy defects. There are therefore various
ways a NV center can be assembled depending on the
diamond sample that is being worked with.
Diamonds can be classified into either type I (natu-
ral abundance of ∼ 95%) or II depending on their optical
absorption properties106,107. Optically, the key difference
between type I and II diamonds is that whereas both type
I and II diamonds have absorption bands in the 2 − 6
µm region, type I diamonds have an additional absorp-
tion band from ∼ 6 − 13 µm that has been attributed
to nitrogen impurities with number densities of ∼ 1019
cm−3 108. In other words, type II diamonds are almost
nitrogen-less whereas type I diamonds contain significant
amounts of nitrogen impurities. This suggests two broad
pathways to fabricating NV centers: 1) start with a type
I diamond and create vacancies next to a single nitrogen
impurity, or 2) start with a type II diamond, implant a
nitrogen impurity, and then create a vacancy next to it.
We begin by briefly summarizing the standard classifica-
tion schemes for diamonds and then delve into various
schemes for creating NV centers in diamond.
8A. Fabrication of NV centers
Type I diamonds, which have significant nitrogen im-
purities, can be further classified into type Ia or Ib. If
the nitrogen impurities in type I diamonds aggregate to-
gether and are non-paramagnetic, they are classified as
type Ia109. On the other hand, if the impurities are para-
magnetic and singly dispersed110,111, they are labeled as
type Ib109. Moreover, type Ia diamonds can still be fur-
ther classified into either type IaA or IaB depending on
the structure of the nitrogen aggregates, which also af-
fect their optical properties112. In type IaA diamonds,
the nitrogen aggregate is a pair of nitrogen atoms sub-
stituting for two carbon atoms113 whereas in type IaB,
the nitrogen aggregate is thought to consist of four nitro-
gen atoms arranged tetrahedrally around a vacancy114.
Evidently, neither type IaA or IaB diamonds with their
aggregate nitrogen impurities will be desirable for the for-
mation of NV centers. On the other hand, it is clear that
NV centers can form in type Ib diamonds if a vacancy
happens to be adjacent to a single nitrogen impurity, and
indeed, NV centers do exist in naturally occurring type
Ib diamonds115 but of course, a more deterministic po-
sitioning of NV centers is required for practical applica-
tions. Most synthetic High-Pressure High-Temperature
(HPHT) diamonds are type Ib109.
Similarly, Type II diamonds can be (and are often)
further classified into type IIa and IIb. The defining
feature of type IIb diamonds is that they are doped to
be p-type semiconductors whereas type IIa diamonds are
insulating116. Most diamonds grown using Chemical Va-
por Deposition (CVD) are type IIa diamonds since they
have significantly less impurities117. Interestingly, we
note that a higher concentration of nitrogen impurities
was found closer to the surface (∼ 100 µm) of type IIa
diamonds than in the bulk24.
1. Irradiation and annealing
Deterministic positioning of NV centers can be
achieved by deliberately creating vacancies in type Ib di-
amonds with irradiation of either a focused ion118–120,
proton121 or electron118,122,123 beam. Since vacancies in
diamond can, with an activation energy of ≈ 2.3 eV mi-
grate during annealing8,124,125 at & 600 ◦C, the diamond
is then typically annealed after irradiation to allow the
vacancies to diffuse and be “captured” by an existing
nitrogen impurity8,49,126. The spatial resolution of this
technique is therefore not just dependent on the reso-
lution of the focused ion or electron beam, but also on
the concentration of nitrogen impurities in the diamond,
which determines how far a vacancy has to diffuse be-
fore being captured by a nitrogen impurity. In fact, de-
spite having a significantly larger concentration of nitro-
gen compared to type II diamonds, the spatial resolution
of this technique in type Ib diamonds can still be lim-
ited by the concentration of nitrogen impurities118. The
diffusion length lD of the vacancies may be estimated us-
ing lD ∼
√
D∆t, where D here is the diffusion coefficient
and ∆t is the anneal time. D may be obtained via the
Arrhenius equation
D = D0 exp
(
− Ea
kBT
)
, (24)
where Ea is the activation energy, kB is the Boltzmann
constant, T is the temperature, and D0 is the maximal
diffusion constant calculated to be around 3.7 × 10−6
cm2/s for vacancies near the diamond surface127. For
typical conditions, the diffusion length is likely to be
∼ 100 nm, and indeed, vacancies have been observed
to diffuse by a few hundred nm in the vertical (along
the implantation axis) direction128 and a vacancy diffu-
sion limited transverse spot size of less than 180 nm was
obtained using a focused Ga+ ion beam118. Although
there has been reports of vacancy transverse diffusion
lengths that are in the tens of µm range129,130 that seem
to defy the simple ld ∼
√
D∆t estimate, we note that
this could potentially be explained by the scattering of
ions/electrons on masks131–134 if they were used on the
diamond’s surface135. Nevertheless, we note that if the
mask is carefully designed, transverse spatial resolution
in the tens of nanometers can be achieved using an im-
plantation and annealing approach136 (see Fig. 4 and
section III A 2). Furthermore, we note that the choice of
radiation used can significantly affect the vertical distri-
bution of vacancies. In general, the heavier ions deposit
most of their energy within a narrow band and creates va-
cancies at a more well defined depth whereas the lighter
electrons tend to create a more uniform depth profile of
vacancies137.
2. Implantation and annealing
A slightly different approach is to start with a type IIa
diamond which does not contain significant amounts of
nitrogen impurities and to introduce both the vacancy
and nitrogen impurity at the same time by implanting
N+ (or N+2 ) ions with a focused ion beam and then an-
nealing at & 600 ◦C. Using this approach, it is possi-
ble to fabricate single NV− centers with transverse spa-
tial resolution of tens of nm and a yield of ∼ 50% using
2 MeV N+ ions with a beam diameter of 300 nm138. The
NV− yield, which is defined as the ratio of active NV−
centers to the number of implanted N+ ions, is propor-
tional to the ion beam’s energy with a particularly strong
slope in the keV region139. This is most likely due to
the fact that the number of vacancies an ion generates
is also proportional to its energy and SRIM140 calcula-
tions show that the NV− yield show a very similar energy
dependence139. A more energetic beam should therefore
be used to increase the NV− yield but a more energetic
beam also results in deeper NV− centers within the di-
amond, which is undesirable for many applications that
require them to be close to the surface. This problem can
9FIG. 4. Fabrication of NV− center by implantation of 15N
ions on a masked diamond substrate. (a) Electron beam
lithography (EBL) is used to pattern a polymethyl methacry-
late (PMMA) mask spin coated on top of an Au layer that
sits on a 8 nm thick Cr adhesion layer. (b) After development
of the PMMA resist, a hard Ti mask is deposited at 30◦ to
reduce the aperture size and to protect the resist’s top surface
from an O2 plasma reactive ion etch (RIE) that removes any
resist residue from the bottom of the aperture. (c) The pat-
tern is then transferred to the Au mask by Ar plasma etching.
Note that the Cr layer is not etched. (d) 10 keV 15N ions were
implanted to introduce nitrogen atoms at ≈ 7.5 nm below the
surface. (e) Mask is removed by wet chemical treatment. (f)
Sample was annealed at 1000 ◦C to to form NV− center with
spatial resolutions of ∼ 13 nm. Reprinted with permission
from Ref. 136. Copyright 2016 American Chemical Society.
be mitigated however by irradiating the diamond first
with a low energy N+ ion implantation beam, followed
by a higher dose 12C “damage” beam at the appropriate
energy to produce the necessary vacancies at the desired
depth141. Another advantage of using two separate ir-
radiation doses is that a lower energy N+ dose causes
less ion straggling in both the vertical and transverse di-
rections, which further improves the spatial resolution
of the technique139. We note however that there is a
maximum damage threshold of about 1022 vacancies/cm3
above which the diamond no longer anneals into diamond
(graphitization) and care should therefore be taken to not
subject the diamond sample to overly large doses of dam-
aging irradiation129,142. Moreover, a large number of va-
cancies does not necessarily lead to more NV centers since
the vacancies can also combine with each other or other
impurities to form a different vacancy complex115,137. We
note that another plausible approach to obtaining shal-
low NV centers is to first implant them deeper (by using
a higher energy beam) and then etching down to that
depth128,143,144.
For diagnostic purposes, it can also be helpful to distin-
guish between NV centers formed by native nitrogen im-
purities (which might still be significant even in type IIa
diamonds over the volume traced by the implanted ion)
versus nitrogen ions implanted by the ion beam. This
may be accomplished by using 15N (0.4% natural abun-
dance) ions for the implantation instead and conducting
hyperfine resolved ODMR145. Indeed, a recent statistical
study of NV centers using such a technique found that
implanted 15NV centers had significantly broader optical
linewidths compared to native 14NV centers and that this
was correlated to larger energy shifts in the 15NV centers
due to increased lattice strain that has been attributed
to lattice damage from the implanted ion146.
Besides strains due to lattice damage, there can be a
host of other contributing factors that lead to an unde-
sirable broadening of the optical linewidth or a short-
ening of the spin coherence time T2, which is of crucial
importance in practical applications. For example, 13C,
which has a non-zero nuclear spin, is known to be a pri-
mary source of decoherence in NV centers of ultra-pure
type IIa diamonds147,148, whereas other paramagnetic
impurities, including nitrogen impurites, are also signifi-
cant sources of decoherence in type Ib diamonds11,149,150.
Therefore, although both type Ib and type IIa diamonds
can be used for creating NV centers, it is advantageous
for practical applications requiring long coherence times
to use type IIa diamonds that have significantly less im-
purities. Nevertheless, we acknowledge that HTHP type
Ib diamonds can have significantly imhomogeneous con-
centration of nitrogen on different growth regions128 and
that the (imhomogeneously broadened) zero-phonon line
(ZPL) linewidths of NV− centers in a low nitrogen sector
can be only ≈ 15 GHz, which is significantly lower than
the typical value of 750 GHz151. Moreover, it was also
found that a secondary high temperature annealing (&
1000 ◦C) can further narrow the linewidths of NV− cen-
ters and increase the equilibrium ratio of NV−/NV0, al-
beit at the cost of overall decreased NV− concentration24
and perhaps a lack of compatibility with other processing
steps. We note that besides post-annealing at high tem-
peratures, there has also been speculations that perform-
ing the implantation at cryogenic temperatures could
potentially result in higher NV−/NV0 ratios but un-
fortunately, experiments at cryogenic temperatures have
found no obvious dependence between the NV−/NV0 ra-
tio and the implantation temperature24.
3. CVD, irradiation and annealing
An alternate pathway to creating NV− centers with
long coherence times is to grow an isotopically pure 12C
(which has no nuclear spin) diamond layer on an ex-
10
FIG. 5. Top: NV− centers created by CVD growth and ni-
trogen delta doping of a bulk diamond substrate. Vacancies
were created by electron irradiation at 2 MeV. Bottom: NV−
centers created in this way at a depth of 52 nm exhibited a
Hahn-echo T2 coherence time of 765 µs at room temperature.
Using a similar procedure, Ref. 152 achieved a T2 of ≈ 1.7
ms in isotopically enriched 12C diamond. Reprinted from Ref.
153, with the permission of AIP Publishing.
isting substrate using plasma assisted CVD, and then
introducing nitrogen gas during the last stages of the
growth152–154 (see Fig. 5). It is possible using this proce-
dure to make single NV− centers with a long spin coher-
ence time of T2 ≈ 1.7 ms152. To achieve 3-D localization
of NV− centers using such an approach, the depth of the
nitrogen doped layer, which determines the depth of the
NV centers, can first be carefully controlled by slowing
the growth rate down to ∼ 0.1 nm/min153, which allows
a depth precision of a few nm (delta doping). Trans-
verse localization (. 450 nm) of long coherence NV−
centers with T2 ≈ 1 ms can then be achieved by us-
ing a Transverse Scanning Microscope (TEM) to create
vacancies within the nitrogen doped layer followed by
annealing155. The long coherence time of those NV cen-
ters are not limited by either 13C nuclear spins or lattice
damage induced by the electrons (which is thought to be
small compared to ion implantation) but rather the pres-
ence of other nitrogen impurities that were not converted
into NV centers155. For most applications, it is desirable
to have a dense ensemble of NV centers with coherence
times that are limited by NV-NV dipole interactions and
it is possible, using a TEM irradiated nitrogen doped
CVD grown diamond, to achieve magnetic sensitivities
of a NV ensemble that is a factor of two away from that
limit156. A variation to using electron irradiation via a
TEM is to use implantation of 12C157 or He+ 158 ions to
create vacancies. Compared to electron irradiation, using
ions allows for a more localized layer of vacancies, which
will reduce the unwanted creation of NV centers in the
substrate of the CVD grown diamond. However, we note
that using such an approach can possibly decrease the T2
of the NV centers due to increased lattice damage caused
by the ions.
4. Laser writing and annealing
While traditional irradiation or implantation of par-
ticles typically create a trail of vacancies following the
implanted particle’s path (with increased straggling for
lighter particles), irradiation of the diamond by focused
femtosecond (fs) laser pulses can create vacancies at a
more localized depth. Moreover, their transverse spatial
resolution can be better than the diffraction limit due to
the non-linear processes involved. In addition, fs laser
pulses from the same optical system can also be used
to fabricate other photonic structures on the same dia-
mond, opening a convenient avenue of integrating pho-
tonic structures with NV centers on the same diamond.
We give here a brief introduction to fs machining before
discussing its application in creating NV centers below.
Femtosecond laser machining, which has many ap-
plications spanning the writing of photonic structures
like waveguides159,160 and Bragg gratings161,162 in glass
to nano-surgery involving the ablation of cell organelles
within living cells163, works in transparent materials
where there is ordinarily no linear absorption in the wave-
lengths of interest by a non-linear multi-photon ioniza-
tion process164,165. Valence electrons that are thus ion-
ized into the conduction band rapidly accelerate in the
intense electric field and further liberate other electrons
through collisions (collisional or avalanche ionization166)
to form a plasma that strongly absorbs the laser pulse.
Experimental evidence suggests that when ≈ 10% of the
valence electrons become ionized, it sufficiently weakens
bonds and results in a disordering of the lattice (and the
creation of vacancies) without a corresponding increase
in the lattice temperature167. This is a distinct physi-
cal mechanism from damage caused by longer pulses (&
1 ps) where the disordering is due to a rise in lattice
temperature that results in melting as electrons excited
by the laser pulse relax and transfer their energy to the
lattice167. An important consequence of this distinction
is that since the damage from fs pulses are not due to
an increase in lattice temperature that can diffuse be-
yond the laser’s focal volume to cause melting in nearby
regions, vacancies created by fs pulses are considerably
more localized and are in fact only limited to areas where
the laser intensity was sufficiently high to generate an in-
situ plasma164.
Implementing fs laser machining in diamond is com-
plicated by the fact that there is a significant mismatch
between the refractive indices of diamond (≈ 2.4 at 790
nm) and air or (more commonly) immersion oil (≈ 1.5).
This can result in considerable aberration of the focal
point within diamond and cause a significant elongation
of the focal volume (which reduces the peak field inten-
sity and localization of vacancies) in the beam’s direction
of propagation. Indeed, an early experiment attempting
11
to create NV centers using fs lasers focused the beam
above the diamond’s surface instead of within it and re-
lied on the ionization of O2 and N2 molecules in air to
generate free electrons and ions that are subsequently ac-
celerated by the light’s electric field into the diamond168.
This approach is therefore conceptually similar to irradi-
ation followed by annealing as discussed above, although
the source of electrons/ions is admittedly different. A re-
cent variation of this technique is to focus the laser on Si
nanoballs placed on the diamond’s surface, which aids in
enhancing the yield of NV centers through irradiation of
Si ions from the nanoballs into the diamond via Coulomb
explosion that also generates sufficient heat locally for
the created vacancies to diffuse and be captured by na-
tive (or implanted from the air) nitrogen impurities. We
note that there exists another conceptually similar work
in which a Scanning Electron Microscope (SEM) is used
to irradiate the diamond with free electrons/ions ionized
from molecules in the air123. Since the physical mech-
anism of vacancy creation using fs pulses focused above
the diamond’s surface is similar to that of electron irradi-
ation, we do not discuss it further here but instead draw
attention to efforts relying on focused fs pulses within the
diamond.
Aberrations caused by refractive index mismatch be-
tween diamond and air (or immersion oil) may be cor-
rected by using adaptive optics such as membrane de-
formable mirror (DM) and/or spatial light modulators
(SLM) that modify the light’s wavefront to compensate
for the refractive index mismatch. Indeed, NV cen-
ters have been successfully created using focused fs laser
pulses with a SLM that had a transverse spatial reso-
lution of ≈ 200 nm that was limited by the diamond’s
nitrogen concentration170. More recently, it was demon-
strated that the same fs laser system may be used to
both create a vacancy and anneal the diamond (locally)
by careful control of the laser pulse energy169. Coupled
together with real-time monitoring of the fluorescence,
NV centers at a single site could be generated with near-
unity yield and statistically selective generation of NV
centers with a particular orientation is even possible by
monitoring the polarization pattern of the fluorescence
(which is correlated with the NV center’s orientation)
and keeping the annealing pulse on until a desired polar-
ization pattern is generated (NV centers with the “wrong
orientation” can be destroyed after creation by keeping
the annealing pulses on)169 (see Fig. 6).
B. Integration with photonic structures
For many practical quantum computing or nano-
sensing applications, it is desirable for NV− centers to
be coupled with on-chip photonic structures so that a
dense network of NV− centers coupled through photonic
structures can be realized. Besides reasons of scalability,
integration with on-chip photonic structures can also ad-
dress certain disadvantages with using NV− centers. For
FIG. 6. Top: Optical setup enabling both vacancy creation
and annealing using the same fs laser with a SLM to correct
for aberrations. Vacancy creation uses a single 27 nJ pulse
while annealing occurs with a 1 kHz pulse train consisting of
19 nJ pulses. Real time monitoring of photo luminescence
is also possible by incorporating a separate optical arm con-
sisting of both a 532 nm excitation laser and a single photon
avalanche detector with a long-pass filter. Bottom: Fluores-
cence counts measured during the annealing pulses showing
first the creation and destruction of a NV− center (≈ 28 to
30 ns) followed by the creation of a second NV− center (≈ 52
ns). Reprinted from Ref. 169 under the CC BY 4.0 license.
example, although many quantum processing schemes
make use of the NV− center’s spin-dependent ZPL fluo-
rescence to read-out its spin state, the NV− center has
a Debye-Waller factor of only ∼ 0.0474,75, which means
that only about 4% of its fluorescence is at its useful ZPL
(the rest are due to phonon assisted transitions). How-
ever, emission at the ZPL can be enhanced by increasing
the local density of (optical) states/modes at the ZPL
(the Purcell effect171), which may be accomplished by
placing the NV− center in a high Q cavity with small
mode volume. The enhancement can be quantified by
the Purcell factor and is proportional to the Q/Vmode
ratio. Coupling NV− centers with resonant on-chip pho-
tonic structures therefore opens the possibility of enhanc-
ing its ZPL emission through the Purcell effect and a 70
fold enhancement has been observed by placing a NV−
center in a photonic crystal cavity172. Besides enhancing
the NV− center’s ZPL emission, integration with on-chip
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photonic structures can possibly enable efficient in and
out-coupling of light that is otherwise difficult to achieve
due to the large refractive index mismatch between dia-
mond (n ≈ 2.4) and air although we acknowledge that
there are other strategies such as the use of solid immer-
sion lenses173,174 that may also ameliorate this problem.
The integration of NV− centers with photonic structures
may be broadly divided into two categories: 1) integra-
tion on an all-diamond platform, or 2) integration with
structures on a hybrid platform.
1. All diamond platforms
There has been considerable work on fabricating pho-
tonic structures on bulk all-diamond platforms that are
integrated with NV− centers using various fabrication
techniques. For fabricating diamond photonic structures
that contain only a single mode around the NV− cen-
ter’s ZPL wavelength (637 nm), it is necessary to use
thin membranes of diamond (n ≈ 2.4 at 637 nm) that
are ∼ 200 nm thick. Although such membranes may
be obtained from nanocrystalline diamond films grown
on a substrate175,176, their optical quality is typically
worse compared to bulk single-crystal diamonds due to
increased absorption and scattering175. It is therefore
preferable to obtain such thin diamond membranes from
bulk single-crystal diamonds. Early attempts to do so
relied on a focused ion beam (FIB) assisted, ion irradi-
ated lift-off technique177–179 where ions of the appropri-
ate energies (calculated using SRIM140) are implanted
at the desired depth to create a relatively localized heav-
ily damaged layer, which is then connected to the surface
by employing a FIB to mill trenches of a desired shape.
The heavily damaged layer then undergoes graphitiza-
tion following a high temperature anneal that makes it
susceptible to a variety of etching reagents even as the
non-damaged diamond layer above it remains etch re-
sistant. The desired membrane can then be formed by
selectively etching away the graphitized region by using a
boiling acid mix177–179. Using this technique, a photonic
crystal consisting of air holes milled using FIB in such a
membrane was fabricated, and the Q-factor of a 3-hole
defect in the crystal was measured to be ≈ 500, which
suggests that the diamond membrane has relatively low
optical losses since the expected Q was only 700180.
Although diamond membranes fabricated using the
FIB assisted ion-irradiated lift-off method described
above had relatively low optical losses compared to
nanocrystalline diamond films grown on substrates, dam-
age in the lattice due to ion irradiation resulted in an
undesirable significant change of the fluorescence spec-
trum with most of the NV− centers being converted to
NV0 180,181. To avoid such an undesirable outcome, new
methods of obtaining a thin diamond membrane were pi-
oneered that did not require ion irradiation to create a
heavily damaged layer. One such method used a FIB
to mill away three sides of a rectangular area on the
FIG. 7. Fabrication of a suspended triangular nanobeam PCC
using FIB with fine angular stage control. (a) Schematic of
fabrication setup. A suspended triangular nanobeam can be
fabricated using angular stage positions I and II. (b) Zoomed
in view of cavity’s defect region. (c,d) SEM images of the
structure: (c) after coarse cuts (d) final structure after pol-
ishing with low current. Reprinted from Ref. 183. ©IOP
Publishing and Deutsche Physikalische Gesellschaft. Repro-
duced by permission of IOP Publishing. CC BY-NC-SA.
single-crystal diamond before performing an undercut by
milling at 45◦ degrees to the normal on the last side. The
wedge shaped sample is then lifted off from the bulk by
attaching a probe to the sample’s surface through plat-
inum deposition on both the probe and surface182. By
using a similar technique, it is possible to fabricate a tri-
angular nanobeam (using two 45◦ degrees undercuts in-
stead of one) on an all-diamond platform with a photonic
crystal consisting of air holes (milled out by FIB)183 (see
Fig. 7). Quality factors of up to 221 were measured and
considering an expected value of ≈ 274, it appears that
these diamond also have reasonably good optical qual-
ities. Moreover, it appears that the underlying photo-
luminescence spectrum did not change appreciably from
that of an unprocessed diamond183, which makes it bode
well for NV− related applications.
Nevertheless, residual lattice damage as measured us-
ing Raman spectroscopy can still be observed in thin di-
amond membranes obtained using angled FIB milling as
compared to those obtained using (typically inductively
coupled plasma (ICP)) reactive ion etching (RIE)184,
which is a fabrication process that has been demonstrated
to be compatible with moderately long NV− spin coher-
ence lifetimes of & 100 µs185 while also being consistent
with low optical losses93,172. Moreover, RIE (with oxy-
gen plasma) can be used to create surface-termination of
the diamond membrane that encourages the conversion of
NV0 to NV− states30. By using RIE in an oxygen plasma
to create 300 nm thin diamond membranes and a FIB to
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FIG. 8. (a) Simulated electric field density of a L3 cavity. (b)
SEM image of a L3 cavity fabricated on a single crystal dia-
mond membrane using EBL and RIE as described in the text.
Reprinted figure with permission from Ref. 172. Copyright
2012 by the American Physical Society.
mill out air holes in them, a Q factor of 400 was obtained
in a 2-D photonic crystal defect and a spontaneous emis-
sion enhancement of 2.4 was observed for a coupled sili-
con vacancy defect center (no NV− center was found to
have coupled with the photonic crystal)186. The Q factor
in this case was limited by geometric imperfections of the
fabricated photonic crystal such as non-vertical walls in
the air holes186, which are known to reduce the quality
factor in such photonic crystals181,187. Moreover, geo-
metric imperfections also results in an undesirable shift
of the cavity’s resonance wavelength, although this may
be partially compensated by carefully oxidizing the mem-
brane in air at 480 ◦C, which results in a blueshift of the
resonance due to a slightly decreased membrane thick-
ness and an increased air hole diameter186. We note that
the use of FIB milling to create air holes in the membrane
creates a layer of implanted ions in the diamond which
may adversely affect the properties of NV− centers. To
mitigate this, the sample may be annealed at 1000 ◦C for
2 hours to remove the implanted ions186. Moreover, an-
nealing can also help to repair ion-induced damage within
the diamond186.
Nevertheless, although careful oxidization of the mem-
brane can mitigate a shift of the crystal’s resonance, it
is still desirable to achieve tighter fabrication tolerances
that can enable higher quality factors. Compared to FIB
milling, other pattern writing technologies such as elec-
tron beam lithography (EBL) can achieve tighter fabri-
cation tolerances and it is therefore not surprising that
there has been a number of work on all-diamond pho-
tonic cavities fabricated using EBL followed by a RIE
etch step. For example, by using EBL to write patterns
on a polymethyl methacrylate (PMMA) resist atop a sili-
con nitride and single crystal diamond membrane thinned
via RIE, a triangular lattice all-diamond photonic crys-
tal with a three hole linear defect188 was fabricated af-
ter transferring the EBL written pattern to the diamond
membrane with two additional RIE etch steps172. The
final device was measured to have a quality factor of ∼
3000 that gave a NV− ZPL enhancement of ∼ 70172 (see
Fig. 8). Similarly, a micro-ring resonator was fabri-
cated out of a single crystal diamond membrane using
the aforementioned fabrication technique and was cou-
pled to a NV− center where a ZPL enhancement of ∼
FIG. 9. A micro-ring resonator fabricated out of a single dia-
mond crystal using EBL followed by RIE. Insets show the side
wall roughness as well as how the SiO2 substrate has been
etched by 300 nm during the fabrication process. A NV−
center coupled to the resonator was observed to have a spon-
taneous emission enhancement of ∼ 12. Reprinted with per-
mission of Springer Nature Customer Service Center GmbH
from Ref. 189, Copyright 2011.
FIG. 10. SEM image of multiple diamond waveguides coupled
to 330 µm long diamond racetrack resonators that achieved Q-
factors of up to ∼ 250, 000 at telecommunication wavelengths.
Inset: A magnified view of the coupling region between the
resonator and waveguide. Reprinted with permission from
Ref. 191. Copyright 2013 American Chemical Society.
12 was observed189 (see Fig. 9). We note that for both
these works, the measurements were conducted at cryo-
genic temperatures (< 10 K) and that the cavity’s reso-
nance wavelengths were tuned to the NV−’s ZPL by flow-
ing xenon into the cryostat, which altered the resonance
wavelength as it condensed on the resonant structure190.
To further illustrate the potential of this fabrication pro-
cedure, we point out that race-track resonators (see Fig.
10) fabricated from a single diamond crystal has been
demonstrated with quality factors of up to ∼ 250 000 at
telecommunication wavelengths191.
Larger scale integration of NV− centers with photonics
structures on a single crystal all-diamond platform have
also been demonstrated using a similar RIE thinning,
EBL and RIE etch procedure. Indeed, out-coupling of
single photons from a single NV− center coupled with
a micro-ring resonator (with a loaded Q-factor of ∼
3000 and up to 12600 for a bare ring) and waveguide
with grating couplers has been demonstrated at room
temperature192. Similar quality factors (∼ 5500 for a
coupled ring and 12000 for an uncoupled ring) and a NV−
ZPL enhancement of ≈ 12 (resonance tuned with flowing
xenon190) were also observed in another work that like-
wise fabricated all-diamond micro-ring resonators that
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were coupled with all-diamond waveguides193.
It is also possible to fabricate free-standing all-diamond
structures from a single diamond crystal. This is typi-
cally accomplished using the fabrication procedure de-
scribed above with the added prior step of first mount-
ing the diamond (before thinning by RIE etching) on a
sacrificial substrate and including a final isotropic etch
step that removes the substrate under the area of in-
terest (after RIE etching to transfer the resist’s pat-
tern to the diamond membrane). Free standing photonic
structures benefit from having a larger refractive index
contrast between diamond and air (as compared to the
substrate). Examples of free standing all-diamond pho-
tonic structure fabricated using this procedure include
the aforementioned triangular lattice photonic crystal
with a three hole linear defect172 and a suspended one-
dimensional photonic crystal nanobeam194 (similar in
structure to Fig. 7). The suspended 1-D photonic crys-
tal nanobeam achieved a quality factor of ≈ 1600 and a
NV− ZPL enhancement of 7194 after its resonance was
tuned by blueshifting it with controlled oxygen plasma
etch steps186 and redshifting it with flowing xenon at
cryogenic temperatures190.
Free standing all-diamond structures can also be cre-
ated by using angular RIE etching, which involves en-
closing the diamond sample in an appropriately shaped
Faraday cage with a mesh of roughly 2mm×2mm pitch
that alters the electric potential so that ions are only
accelerated perpendicular to the cage’s surface195. A va-
riety of freestanding all-diamond photonic and mechani-
cal structures including cantilevers, waveguides, photonic
crystal nanobeams, racetrack resonators, and microdisk
cavities can be fabricated using this technique195,196 (see
Fig. 11). All-diamond suspended racetrack resonators
thus fabricated have been realized with loaded quality
factors reaching up to ∼ 151,000 at 1648 nm and pho-
tonic crystal defects on a suspended 1-D nanobeam have
achieved loaded quality factors of up to 59,000 at around
637 nm196. A variation to using angular RIE etching for
undercutting is to, after a typical anisotropic RIE etch
step, use a further quasi-isotropic RIE etch step, where
the plasma is operated with zero RF power and the main
etching mechanism is not due to mechanical accelera-
tion of ions into the substrate but from chemical action
with slightly different etch rates along distinct crystal
planes. All-diamond suspended waveguides197, micro-
disk resonators87 (see Fig. 12) and suspended nanobeam
photonic cavities198 have been fabricated using quasi-
isotropic RIE etching. The micro-disk resonators have
demonstrated loaded quality factors of up to ∼ 109,000
that is thought to be limited mainly by a non-cylindrical
pedestal due to dissimilar etching rates in distinct crys-
tal planes87 while a instrument resolution limited quality
factor of > 14,000 at ≈ 637 nm was obtained for the 1-D
nanobeam photonic cavities198.
In addition, FIB milling can also be used to under-
cut an all-diamond cylinder (first defined by a photo-
lithography step followed by RIE etching of a diamond
FIG. 11. Schematic of angular RIE with a Faraday cage. (a,
i) An etch mask is defined by coating the sample with re-
sist, writing it with EBL, and developing the resist. (a, ii)
The pattern is transferred into the diamond substrate using
anisotropic top down plasma etching. (a, iii) Angular RIE
etching (using the Faraday cage in (b)) is used to undercut
the structure to form a suspended triangular nanobeam. (a,
iv) Etch mask is removed. (b) Schematic of the Faraday cage
which modifies the electric field so that the ions are accel-
erated at an angle defined by θ. (c) Illustration of angular
RIE undercutting a structure to form a suspended nanobeam.
Reprinted with permission from Ref. 195. Copyright 2012
American Chemical Society.
FIG. 12. (a) Schematic of a quasi-isotropic RIE process,
where O2 plasma is used with zero RF power to quasi-
isotropically undercut areas of the substrate that is not pro-
tected by a ∼ 200nm conformal coating of plasma enhanced
chemical vapor deposited PECVD Si3N4. Consistent with a
predominantly chemical etch, the etch direction is defined by
crystal planes. Black and red arrows denote etching along the
{100} and {111} families of crystal planes. (b) SEM image
at 60◦ of the fabricated diamond micro-disk resonator. (c)
Top-down SEM image of the micro-disk. Reprinted with per-
mission from Ref. 87. Copyright 2015 American Chemical
Society.
plate) to form a free-standing micro-ring resonator. Nev-
ertheless, it appears that the quality factor of such a FIB
undercut micro-ring resonator (Q ∼ 5720 at 1492 nm)199
is still significantly less compared to suspended res-
onators fabricated using EBL and angular RIE etching196
due, it seems, to surface roughness caused by FIB milling
since various precautions to mitigate Ga+ induced dam-
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age, including applying an aluminum and chromium
coating, and various annealing plus acid cleaning treat-
ments, were already taken and energy-dispersive X-ray
spectroscopy (EDX) did not reveal the presence of any
Ga in the final sample199.
Most of the work discussed above which demonstrated
coupling of NV− centers to all-diamond photonic struc-
tures relied on randomly positioned native NV− centers
within the diamond even though deterministic placement
of them are crucial to optimum performance. Never-
theless, we note that spatial positioning of NV− cen-
ters to about ∼ 10 nm in all three dimensions136 has
already been separately demonstrated and the coupling
of NV− centers that were placed at deterministic depths
(via delta-doping153 as described in section III A 3) with a
nanobeam photonic crystal has been demonstrated with
a measured Q factor of ∼ 7000 and ZPL enhancement
of 20 times200. Separately, deterministic placement of
NV− centers using ion-implantation with a FIB milled
aperture in an atomic force microscopy (AFM) tip in
a 2-D photonic crystal fabricated from a single crystal
diamond and FIB milling recently reported a signal-to-
noise enhancement of 3 in the NV− center’s spin read
out (via spin-dependent fluorescence) but only a meager
NV− ZPL enhancement of 1.224201.
An alternative to using EBL to write patterns on a
resist atop a diamond membrane is to first write the
patterns on a reusable Si membrane that is then trans-
ferred onto a diamond membrane using either a micro-
polydimethylsiloxane (PDMS) adhesive attached to a
tungsten probe tip or by stamping the Si membranes
onto the diamond with a polytetrafluoroethylene (PTFE)
sheet202 (see also section V B 4 for an application of this
technique to the positioning of quantum dots). Once
transferred onto the diamond membrane, the Si mem-
brane then serves as a mask for pattern transfer to the
diamond via RIE (see Fig. 13). A 2-D photonic crys-
tal with a seven hole linear defect fabricated using this
technique in a single-crystal diamond membrane yielded
a quality factor of 4700202. One significant advantage of
this mask transfer technique is that the diamond mem-
brane is never exposed to damaging irradiation that can
adversely affect the NV− centers’ properties. Indeed,
using such a fabrication procedure, spin coherence life-
times of ∼ 200 µs were measured for NV− centers cou-
pled to suspended 1-D photonic crystals defects, which
are similar to lifetimes measured in their parent CVD
crystals203. Moreover, quality factors of ∼ 3300 at ≈
637 nm were achieved and a 62 times resonant enhance-
ment of the NV− center’s ZPL emission was obtained203.
Suspended 1-D nanobeam photonic crystal defects and
waveguides can also be fabricated using a Si membrane
transfer followed by RIE anisotropic etching and then
undercutting with an angular RIE etch using a Faraday
cage204. The resulting 1-D photonic crystal defect had
a measured quality factor of ∼ 1200 at ≈ 638 nm and
up to 98.78% transmission was reported for optimized
waveguides although it is not entirely clear what is the
FIG. 13. Schematic of mask transfer technique. (I) A micro-
PDMS adhesive on a tungsten probe tip is used to transfer
a Si mask (orange) onto a diamond membrane (grey) on top
of a Si substrate. (II) The Si mask serves as a etch mask
for O2 plasma RIE. (III) Pattern on Si mask is transferred
to the diamond membrane after etching and removal of the
Si mask. (IV) An isotropic SF6 dry etch can then be used
to undercut the Si substrate to create a suspended diamond
photonic structure if desired. Reprinted from Ref. 202 under
the CC BY-NC-ND 4.0 license.
propagation loss per unit length204.
Finally, we note that there has been work towards an
all-diamond platform using fs-laser writing. As discussed
in section III A 4, fs laser pulses are capable of creating
NV− centers in diamond. Moreover, as in the case of
crystals like LiNbO3
205,206 and sapphire207, it is possible
to inscribe waveguides in diamond with fs laser writing.
This may by accomplished by writing two parallel lines in
diamond that results in graphitization of material within
the focus leading to a decreased refractive index that in
turn enables the confinement of an optical mode between
the two laser written lines. In addition, the graphitized
material, which has lower density, expands and causes
stress-induced modification to the refractive index of the
surrounding diamond that leads to vertical confinement
of the optical mode208. Importantly, the laser inscribed
waveguides in diamond survive annealing at 1000 ◦C 209,
which is commonly required for the formation of NV−
centers, but is not necessarily guaranteed as in the case of
laser inscribed waveguides in sapphire207. Since the same
fs laser system can be used to both create NV− centers
and write waveguides within bulk diamond, sub-micron
relative positioning accuracy is possible between the NV−
center and waveguide. Using this technique, single NV−
centers were successfully incorporated into the midst of
laser written diamond waveguides and waveguiding of
their spontaneous emission was confirmed210 (see Fig.
14).
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FIG. 14. Raman and NV fluorescence for various excitation
(E)/collection (C) modes of an integrated laser written dia-
mond waveguide and NV− center. (a) Raman scattered light
collected above the waveguide after butt-coupled excitation
of the waveguide, demonstrating waveguiding within the di-
amond. (b) Fluorescence of NV− above the waveguide af-
ter sending in excitation light from the end of the waveguide,
demonstrating that the NV− is sufficiently close to the optical
mode of the waveguide to interact with it. Fluorescence was
measured using a home-built confocal microscope. (c) Same
as in (b) but the fluorescence is measured using an electron
multiplying charged coupled detector (EMCCD). (d) Fluores-
cence of the NV− measured at the end of the waveguide using
an EMCCD after the NV− center was excited from above.
Reprinted with permission from Ref. 210 © The Optical So-
ciety.
2. Hybrid platforms
Much of the work on hybrid platforms have revolved
around a GaP-diamond hybrid platform due to both the
high refractive index of GaP (≈ 3.3 at 637 nm) (com-
pared to diamond ≈ 2.4 at 637 nm), and its relative ease
of fabrication using standard semiconductor processing
technology. In addition, unlike an all (bulk) diamond
platform, which by inversion symmetry has a zero second-
order non-linear susceptibility (χ(2)) (we note however,
that diamond has a non-zero third-order non-linear sus-
ceptibility χ(3) and that it has a relatively high non-linear
refractive index that allows it to be harnessed for non-
linear four-wave mixing processes211), GaP possesses a
relatively large χ(2) that allows it to be used in non-linear
processes such as second harmonic generation212. More-
over, unlike diamond which is forbidden by symmetry to
have a bulk linear electro-optic coefficient213, GaP has
a non-zero linear electro-optic coefficient (r41 ≈ −0.97
pm/V at 633 nm214) that enables it to be used for active
electro-optic switching applications (as has been demon-
strated in AlN material systems215,216), and as a III-VI
semiconductor, GaP can potentially host on-chip inte-
grated single-photon detectors as demonstrated on GaAs
waveguides217.
Generally, NV− centers in GaP-diamond hybrid plat-
FIG. 15. Top: Schematic of single-mode diamond waveguides
containing single NV− centers suspended over single-mode
SiN waveguides assembled using a tungsten probe. Bottom:
Field profiles from FDTD simulations showing the transfer of
mode from the suspended diamond waveguide (grey) into the
underlying SiN waveguide (brown). Reprinted from Ref. 218
under the CC BY 3.0 license.
forms are evanescently coupled to the GaP photonic
structures. For example, in the first demonstration of
a coupled NV-GaP waveguide system219, NV− centers
created by ion implantation in HPHT type Ib diamonds
(at a depth of ≈ 100nm) were evanescently coupled to
a 120 nm thick GaP rib waveguide that was transferred
onto diamond via epitaxial liftoff220 after removal from
its underlying Al0.8Ga0.2P sacrificial layer atop a GaP
substrate. The evanescent coupling requires that NV−
centers are created close to the diamond’s surface and
for gaps between GaP and the diamond substrate to be
minimized. Indeed, a significant disadvantage of a (bulk)
hybrid platform compared to an all-diamond one is that
the NV− centers cannot generally be placed in a max-
ima of the optical mode that would otherwise enable
good optical coupling and an enhancement of sponta-
neous emission rates. To mitigate this, NV− centers may
be coupled to optical resonators such as microdisks with
sufficiently high quality factor221 and light within these
resonators may then be outcoupled via coupling with an-
other waveguide222,223. Despite the high refractive index
of GaP, waveguiding in a GaP waveguide atop a diamond
substrate can still be significantly lossy due to the re-
duced effective index of the guided mode and the moder-
ately high refractive index of diamond. To enable waveg-
uiding and to reduce losses due to mode leakage into the
substrate, it is common to decrease the effective index of
the substrate (from its bulk value) by etching it so as to
create a diamond pedestal beneath the resonator221–225.
Hybrid GaP-diamond architecture have to date success-
fully coupled NV− centers with GaP based resonators,
waveguides, as well as directional/grating couplers on the
same chip222,223 (see Fig. 16).
Besides a GaP-diamond hybrid platform, it is also pos-
sible to couple NV− centers with other material systems.
For example,by pre-selecting single NV− centers in bulk
diamond and fabricating single-mode tapered waveguides
from them, it is possible to, with near-unity yield, couple
single NV− centers in single-mode diamond waveguides
to low loss single-mode SiN waveguides218 (see Fig. 15).
A similar work couples single NV− centers in tapered
diamond waveguides to commercially available tapered
optical fibers226. Other examples of a non-GaP hybrid
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FIG. 16. Examples of integrated hybrid GaP-diamond systems where a thin 125 nm film of GaP was epitaxially grown and
transferred onto a diamond substrate before being patterned with EBL and RIE. Above: schematic view overlaid with FDTD
simulations, bottom: SEM images of integrated devices. (a) waveguide-coupled disk resonators, (b) directional coupler, (c)
grating coupler. Reprinted with permission from Ref. 223 © The Optical Society.
diamond platform include a Ag-diamond system where
diamond nano-pillars enclosed within an Ag film exhib-
ited enhanced spontaneous emission of up to 4.6 times
due to coupling of NV− centers within the pillars to the
plasmonic cavity formed by the encasing Ag film227. The
directivity of the spontaneous emission can be enhanced
by surrounding the nano-pillars with concentric, circular
SiO2 gratings
228.
IV. COLOR CENTERS IN NANO DIAMONDS
As discussed in the preceding section, NV centers
are not the only defects in diamond that exhibit dis-
crete energy levels with optical transitions although they
are arguably the most studied defect. Recently, defect
centers consisting of group-IV elements such as silicon
vacancy (SiV)229,230, germanium-vacancy (GeV)231 and
tin-vacancy (SiV)232,233 centers in diamond have been
of particular interest due to symmetries in their config-
uration that leads to a higher Debye-Waller factor and
narrower spectral lines that increases the indistinguisha-
bility of their emitted photons. Moreover, although
there has, as the preceding section shows, been a great
deal of work in bulk diamond, there has also been con-
siderable work in integrating color centers in nanodia-
monds to hybrid photonic structures. We note however,
that NV centers in nanodiamonds are less photo-stable
and tend to have significantly larger inhomogeneously
broadened ZPL linewidths as compared to their bulk
counterparts. Although this makes them less suitable
for many quantum computing/processing applications,
nanodiamonds are more suited for bio-sensing/labeling
applications234–236, and interestingly enough, the spon-
taneous emission rates of NV centers in nanodiamonds
can also be enhanced by encasing them in phenol-ionic
complexes237. Moreover, nanodiamonds with a high con-
centration of SiV centers can also be used as temperature
sensors238. In this section, we give examples of other
color centers in nanodiamonds that have been coupled to
photonic structures.
A. Fabrication
Nanodiamonds are synthesized by various techniques
such as detonation, laser assisted synthesis, HPHT high
energy ball milling of microcrystalline diamond, hy-
drothermal synthesis, CVD growth, ion bombardment
on graphite, chlorination of carbides and ultrasonic
cavitation239. In the laboratory, the detonation method
and HPHT growth are commonly employed to synthesize
NV containing nanodiamonds on a large scale240. CVD
growth is another promising technique that has success-
fully synthesized single NV centers in nanodiamonds241.
More recently, a new metal-catalyst free method to syn-
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thesize nanodiamonds with varying contents of NV and
SiV centers produced high-quality color centers with al-
most lifetime-limited linewidths242,243.
In Ref. 244, the authors reported the first direct obser-
vation of NV centers in discrete 5 nm nanodiamonds at
room temperature. Although the luminescence of those
NV centers was intermittent (i.e. they undergo blinking),
the authors were able to modify the surface of the nanodi-
amonds to mitigate the undesirable blinking. In another
work, the authors showed the size reduction of nanodi-
amonds by air oxidation and its effect on the nitrogen-
vacancy centers that they host245. The smallest nanodi-
amond in their samples that still hosted a NV center was
about 8 nm in size.
SiV centers in nanodiamonds have subsequently been
investigated246–248. Ref. 246 describes the first ultra-
bright single photon emission from SiV centers grown in
nanodiamonds on iridium. The SiV centers were grown
using microwave-plasma-assisted CVD and those single
SiV− defects achieved a photon count rate of about 4.8
Mcounts/s (at saturation). Bright luminescence in the
730-750 nm spectral range were observed using confocal
microscopy. No blinking was observed but photobleach-
ing occurred at high laser power. Enhanced stability
might be gained by controlling the surface termination
of the nanodiamonds, as was shown for the case of NV
centers29.
Residual silicon in CVD chambers often results in
the formation of SiV− centers in most CVD-grown
nanodiamonds243,246. Likewise, due to silicon-containing
precursors, many HPHT-synthesized nanodiamonds also
include SiV− centers249. In Ref. 248, the authors demon-
strated optical coupling of single SiV− centers in nanodi-
amonds and were able to manipulate the nanodiamonds
both translationally and rotationally with an AFM can-
tilever.
Fabrication of other color centers such as GeV cen-
ters in nanodiamond were also recently demonstrated.
For example, single GeV centers in nanodiamonds were
successfully fabricated by the authors in Ref. 250 after
they introduced Ge during HPHT growth of the nanodia-
monds. More generally, in Ref. 251, the authors studied
a larger variety of group IV color centers in diamond,
including SiV, GeV, SnV and PbV centers.
We note that it is possible to control the size and pu-
rity of the HPHT nanodiamonds down to 1 nm252. In
other works, the size of nanodiamonds are typically tens
of nanometers253–255, which make nano manipulation of
them feasible. For example, emission from single NV
centers hosted in uniformly-sized single-crystal nanodia-
monds with size 30.0± 5.4 nm have been reported255.
Although high count rates are in general achievable for
NV and SiV color centers in nanodiamonds256, these high
count rates were sometimes reported to be correlated to
blinking173. Compared to SiV centers in the bulk, SiV
centers in nanodiamonds have significantly less repro-
ducible spectral features and can feature a broad range
of ZPL emission wavelengths and linewidths257. More
generally, the linewidths of SiV centers in nanodiamonds
have been shown to depend on the strain of the diamond
lattice257. Nevertheless it is sometimes possible to obtain
nearly lifetime-broadened optical emission in SiV cen-
ters in nanodiamonds at cryogenic temperatures242,258,
and indeed nearly lifetime limited zero-phonon linewidths
have been obtained in both NV and SiV centers in nan-
odiamonds. For example, despite spectral diffusion and
spin-nonconserving transitions, zero-phonon linewidths
as small as 16 MHz has been reported for NV centers
in type Ib nanodiamond at low temperature259.
For GeV centers in HPHT nanodiamond, the stabil-
ity of its ZPL emission wavelength and linewidth has
been attributed to the symmetry of its molecular config-
uration, although a large variation of lifetimes was also
reported260. The authors there estimate a quantum effi-
ciency of about 20% for GeV centers in HPHT nanodia-
monds.
B. Integration with photonic structures
As mentioned in section III B 2 above, a hybrid GaP-
diamond platform is attractive for multiple reasons and
there has been work involving not just bulk GaP-
diamond systems but also hybrid GaP-nanodiamond sys-
tems. For an extensive review, see Ref. 240. Purcell
enhancement of the ZPL emission by a factor of 12.1
has been reported in a hybrid nanodiamond-GaP plat-
form where the ZPL of an NV center is coupled to a
single mode of a PCC261. In that work, both the nan-
odiamond and cavity are first pre-selected and the res-
onance of the cavity is then tuned to the ZPL of the
NV center by locally oxidizing the GaP with a focused
blue laser261. Finally, the pre-selected nanodiamond is
then transferred to the GaP cavity using a pick-and-place
technique262,263 (see Fig. 17). Alternatively, a GaP PCC
may be transferred using a micro-PDMS adhesive on a
tungsten probe (briefly discussed and illustrated in sec-
tion III B 1 and Fig. 13) to a pre-selected nanodiamond
containing a NV− center of desirable properties264.
Nanodiamonds were also integrated with silica micro-
resonators to achieve cavity QED (cQED) effects. In one
early attempt, diamond nanocrystals were attached to
silica micro-resonators by dipping silica micro-disks with
diameters of 20 µm into an isopropanol solution contain-
ing suspended nanodiamonds with a mean diameter of
70 nm254. Initially, the micro-disks had a quality factor
of Q = 40000 at room temperature, but after deposi-
tion of the nanodiamonds, low temperature measurement
showed that the quality factor decreased significantly to
around 2000− 3000. By condensing nitrogen gas to tune
the cavity modes, the authors observed that a single NV
center could couple to two cavity modes simultaneously.
However, there was no significant change in the spon-
taneous emission rate, which was probably due to, in
addition to the emitters’ large linewidth, the resonator’s
large mode volume and limited quality factor. In Ref.
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FIG. 17. (a) AFM image of the core of a photonic crystal
fiber. (b) A pre-selected nanodiamond is then transferred
to center of the photonic crystal fiber using a pick-and-place
technique. (c) A nanodiamond in the center of a gallium
phosphide photonic crystal membrane cavity. Reprinted from
Ref. 262, with the permission of AIP Publishing.
265, a tapered fiber is used to both pick up and position
NV containing nanodiamonds onto a high-Q SiO2 micro-
disk cavity. The same tapered fiber could then also be
used to characterize light transmission through the sys-
tem. Coupling in the strong cQED regime has also been
achieved between NV centers in nanodiamonds and silica
micro-spheres resonators266.
Besides silica resonators, there has also been work
on polystyrene micro-sphere resonators. Nanodiamonds
with a mean diameter of 25 nm can be attached to
polystyrene micro-spheres with diameters of ∼ 5 µm by
first dispersing both on a cover slip and then using near-
field scanning optical microscopy (NSOM) tips to bring
the micro-spheres close to a pre-selected nanodiamond
containing a single NV− center253. Touching a nanodia-
mond with a micro-sphere then attaches the former to the
latter. Using this technique, the authors demonstrated
coupling of two single NV centers found in two different
nanodiamonds to the same micro-sphere resonator253.
Silicon carbide is another material that can be inte-
grated with diamond due to its similarity with diamond.
For example, the authors in Ref. 240 developed a scal-
able hybrid photonics platform which integrates nanodi-
FIG. 18. (a) Dielectric-loaded surface plasmon polariton
waveguide (DLSPPW) circuits are built around nanodia-
monds containing single photon emitter with enhanced emis-
sion rate. (b) Scanning electron micrograph of a hydrogen
silsesquioxane (HSQ) waveguide fabricated on silver-coated
silicon substrate. Reprinted with permission from Ref. 267.
Copyright 2017 American Chemical Society.
amonds with 3C-SiC micro-disk resonators fabricated on
a silicon wafer. By condensing argon gas on the struc-
ture, the authors were able to continuously red shift the
resonator’s resonance and tune it to the color center’s
emission to observe an enhancement of the center’s spon-
taneous emission.
It is also possible to enhance the spontaneous emis-
sion rate of a quantum emitter coupled to waveguiding
structures like dielectric-loaded surface plasmon polari-
ton waveguides (DLSPPWs) where the significantly con-
fined mode volume of the surface plasmon polariton can
enable Purcell factors above unity (see Fig. 18). Ex-
periments involving embedded nanodiamonds with NV
centers in a DLSPPW consisting of a HSQ waveguide on
top of a silver film demonstrated a spontaneous emission
enhancement of up to 42 times267,268. In a similar vein,
a GeV center embedded within a similar DLSPPW was
successfully excited by 532 nm light propagating within
the waveguide and achieved a three-fold enhancement in
its spontaneous emission rate due to the small mode vol-
ume within the waveguide250. Although likely to be less
useful than coupling to DLSPPWs due to higher losses,
coupling of single NV centers in nanodiamonds to sil-
ver nanowires can enable interesting studies of surface
plasmon polaritons (SPP) as in Ref. 269 where a wave-
particle duality was demonstrated for SPPs excited by
single photons from a nanodiamond.
The spontaneous emission rate of a quantum emitter
can be significantly enhanced when coupled to a plas-
monic nano-antenna. For example, enhancement fac-
tors of up to 90 times was observed for a NV center
within a nanodiamond that was coupled to a nanopatch
antenna270. Even higher enhancement of up to 300 times
has been theoretically proposed by coupling SiV cen-
ters in a nanodiamond to a specific geometry of gold
dimers271.
Besides static resonators such as micro-disks and
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FIG. 19. (a) Nanodiamonds were attached to the fiber taper,
and single photons emitted by the color centers were collected
either through the objective or the fiber ends. (b) The tapered
fiber was dipped into a small droplet of a nanodiamond so-
lution on the facet of a thin glass rod. The nanodiamonds
were attached to the fiber taper as it is moved through the
droplet. Reprinted with permission from Ref. 277 © The
Optical Society.
micro-spheres, a fiber-based micro-cavity technique,
where a tunable cavity is typically formed by the combi-
nation of a fiber and macroscopic mirror, can also be ap-
plied to NV and SiV centers in diamond to enhance their
efficiency, brightness and single photon purity272–275.
Lastly, it is also possible to directly couple the color cen-
ters in a nanodiamond to an optical fiber. For example, in
Ref. 276 pre-selected NV containing nanodiamonds were
placed directly on a fiber facet to create an alignment free
single photon source. High coupling efficiency was also
reported in a nanodiamond-tapered fiber system277–279
(see Fig. 19), and in Ref. 280, NV containing nanodia-
monds were successfully embedded in tellurite soft glass.
V. QUANTUM DOTS
A. Introduction to Quantum Dots
A quantum dot (QD) is a small nanometer-sized three-
dimensional inclusion of a narrower bandgap material
within a wider bandgap matrix. The 3D confinement
potential of the QD leads to a discretization of energy
levels and gives it localized, atom-like properties. By
controlling and manipulating these properties, QDs can
be utilized in many aspects of quantum technologies, such
as quantum light sources or as qubit systems. QDs have
also been studied extensively and developed for numer-
ous optoelectronic applications, including light-emitting
diodes (LEDs)281, photovoltaic devices282, and flexible
displays283.
Compared to other atomic systems (e.g. trapped
ions) used in early experimental realizations of quan-
tum logic284, QDs are embedded within a solid-state
medium and thus do not require bulky and complicated
vacuum systems and optical trapping setups. More-
over, QD-based devices can take advantage of well-
established growth techniques, e.g. molecular beam epi-
taxy (MBE)285–287 or metalorganic vapor phase epitaxy
(MOVPE)288–290, which allow for monolithic growth with
monolayer precision. Coupled with the ability to elec-
trically control these devices291,292, QDs have attracted
extensive research efforts in developing and realizing QD
photonic devices.
The most common QD growth approach uses the
Stranski-Krastanov mechanism293: as QD material is
successively deposited and reaches a critical thickness,
strain energy from mismatched lattice constants drive
the formation of 3D nano-islands through a self-assembly
process which allows for more efficient strain relaxation.
Common QD materials systems include both III-V (typ-
ically In(Ga)As in (Al, Ga)As matrices) GaAs/InGaAs)
and Group IV (Si).
QD devices have numerous applications in quantum
integrated photonics. They can serve as tunable, high-
quality single-photon sources that can be integrated into
nanophotonic structures294. To complement this, pho-
tonic device components for photon manipulation, such
as modulators295, frequency sorters296, and frequency
converters297, have been developed. High-speed near-
infrared (NIR) detector298,299 based on QDs have also
been demonstrated in recent years. By controlling the
QD spin, spin-photon interfaces can also be realised, al-
lowing the QD to be used as a quantum memory, as
well as a range of additional applications such as single-
photon switching300.
B. Integration Strategies for Quantum Dots
While QDs can be integrated with photonic circuits
and operated in their as-grown state or as dispersed col-
loidal nanoparticles, it is often desirable, as discussed in
section II C, to embed or integrate QDs within cavity de-
vices where they can, among other things, benefit from
enhanced spontaneous emission and increased coupling
efficiency to the rest of the photonic circuit. In this sec-
tion, we will review the major approaches for integrating
QDs with photonic circuits, and highlight the recent ad-
vances in these areas. A detailed reference on integration
methods for hybrid quantum photonics can be found in
Ref. 301.
1. Random Dispersion
A simple integration method is to forego determin-
istic positioning, and randomly disperse colloidal QDs
as nanoparticles onto photonic structures via drop cast-
ing or spin coating307. However, such nanoparticles
have a large surface area, which may lead to optical
instabilities such as blinking or bleaching, due to the
stronger influence of surface states and enhanced Auger
recombination308. Moreover, such methods are not suit-
ably scalable for quantum photonic applications where
efficient, deterministic coupling between QDs and the
photonic circuit is crucial.
To improve the positioning precision, and thus the cou-
pling efficiency, a lithography-based masking method can
be used to selectively deposit dispersed QDs on top of
the photonic structures302 (Fig. 20a). Despite its lim-
itations, randomly dispersed QDs can still be a useful
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(a) Spin-coating (with mask)
(b) In-situ lithography
(c) Wafer bonding 
(d) Wafer bonding (orthogonal)
(e) Transfer printing
(f) Pick-and-place (microprobe)
FIG. 20. Integration strategies for quantum dots (QDs) on photonic circuits. (a) Schematic of QDs deposited via spin-coating.
A lithographic mask allows for deterministic positioning on top of photonic cavity devices. Reprinted with permission from
Ref. 302. Copyright 2018 American Chemical Society. (b) Schematic of a photonic waveguide patterned via in situ electron
beam lithography (EBL) around a pre-selected QD, ensuring optimal alignment between the QD and waveguide. Reprinted
with permission from Ref. 303. Copyright 2019 American Chemical Society. (c) [Left] A GaAs nanobeam on a Si3N4 waveguide
fabricated via EBL from a wafer-bonded GaAs/Si3N4 heterostructure. [Right] Simulation results showing the efficient coupling
between the GaAs and Si3N4 waveguides. Reprinted from Ref. 304 under the CC BY 4.0 license. (d) Optical image [left] and
schematic [right] of InAs QDs integrated with a photonic chip via orthogonal wafer bonding. Reprinted from Ref. 305, with
the permission of AIP Publishing. (e) [Top] Schematic of the transfer printing technique using a transparent rubber stamp.
[Bottom] Optical image of a transfer-printed QD device on top of a silicon waveguide. Reprinted from Ref. 306 under the CC
BY 4.0 license. (f) [Left] Schematic of pick-and-place positioning of QD devices using a sharp microprobe. [Right] Electron
microscope image of a QD nanowire attached to a microprobe. Reprinted from Ref. 296 under the CC BY 4.0 license.
method to rapidly prototype hybrid quantum photonics
platforms.
2. In-situ Lithography
Photonic structures can be fabricated on adjacent lay-
ers to a QD sheet where the self-assembled QDs are ran-
domly located309. However, the QDs would not be op-
timally placed with respect to the photonic structures
for efficient coupling. To circumvent this problem, the
QDs can first be located and pre-selected, e.g. via cath-
ode luminescence, and the waveguide structures can then
be patterned and etched via an in situ lithography tech-
nique. This has been demonstrated, for example, with
the deterministic integration of InAs QDs into a GaAs
photonic circuit303 (Fig. 20b).
3. Wafer Bonding
Quantum emitters embedded in a high-quality bulk
crystalline material are able to produce stable single-
photon emission with high purity and indistinguishabil-
ity. Ideally, hybrid heterostructures of QDs and pho-
tonic components can be grown directly on a single
wafer. However, growing such heterostructures directly
often results in poor crystal quality due to the forma-
tion of antiphase boundaries and large mismatches in ma-
terial lattice constants, thermal coefficients, and charge
polarity310.
Wafer-to-wafer bonding is a method for integrating
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dissimilar material platforms311. Consider the transfer
of a III-V material onto a silicon nitride photonics cir-
cuit: Each material is grown separately with optimized
substrates and conditions, thus maintaining high crystal
quality for both compounds. The III-V wafer is flipped
and bonded onto the top surface of the photonic wafer;
subsequent removal of the substrate of the transferred
wafer leaves a thin membrane structure on top of the
photonic circuit. Photonic structures are then patterned
using lithographic techniques; for example, the coupling
of the emission from InAs QDs in a GaAs waveguide cav-
ity structure into an underlying silicon nitride waveguide
has been observed, with an overall coupling efficiency of
∼0.2304 (Fig. 20c).
However, random positioning of QDs with respect to
the photonic structures will result in non-optimal cou-
pling, leading to a low yield of efficiently coupled devices
across the wafer. This can be improved via in situ lithog-
raphy around pre-identified QDs after the wafer bonding
step303.
The wafer bonding can also be performed orthogo-
nally (Fig. 20d), to allow the QDs optimized for out-
of-plane emission (e.g. with distributed Bragg reflector
cavities305) to be efficiently coupled into photonic waveg-
uides. However, since only devices at the wafer edge can
be integrated (as opposed to across the entire wafer for
non-orthogonal bonding), this approach is less scalable.
4. Pick-and-place
Another approach that allows for precise positioning
of QDs on the photonic circuit is to pick-and-place in-
dividual QD-embedded structures instead of having a
single wafer-scale integration step. QDs can be pre-
characterized and pre-selected, and then selectively in-
tegrated at desired positions on the photonic circuit.
For example, they can be either placed on top of ex-
isting waveguides296,312, or at specific points relative to
a marker for subsequent waveguide encapsulation, i.e.
waveguide material is deposited and patterned over the
deposited QD structure313. Besides ensuring optimal
coupling of the QDs to the photonic circuit, this method
also allows for a greater flexibility in the choice of trans-
ferred QD material and device geometry.
There are two common techniques for performing the
pick-and-place transfer. The transfer printing method
typically uses a stamp made of a material such as poly-
dimethylsiloxane (PDMS) that is adhesive and transpar-
ent, such that precise alignment of the structures can
be monitored under an optical microscope during the
transfer306,314,315 (Fig. 20e). With the aid of addi-
tional alignment markers, positioning accuracies better
than 100 nm have been achieved314. Different strategies
to control the adhesion of the stamp are detailed in a
separate review paper316. However, there are several
challenges in using the transfer printing technique. The
stamping process induces a force over a large sample area
and may damage parts of the fragile photonic circuit, al-
though this may be mitigated by using a sufficiently small
stamp not much larger than the transferred material317.
Moreover, it is difficult to re-position the emitters as the
adhesion between the integrated structures is typically
much stronger than their adhesion to the stamp.
An alternative is to perform the pick-up and transfer
using a sharp microprobe (Fig. 20f). A small amount
of adhesive (e.g. PDMS) can be added to the probe tip
to aid the transfer, analagous to a micro-stamp202. Al-
though this technique requires precise control of the mi-
croprobe, it is able to transfer small, fragile structures
such as single nanowires with high accuracy and control-
lability when aided by an optical microscope296,313,318,
and especially so when using an electron microscope319.
Currently, the manual transfer of individual devices one
by one can be very time-consuming, but there is great
potential in automating the process and allowing for scal-
able fabrication of many integrated devices.
C. As a single-photon source
Single-photon sources can be realized from QDs by uti-
lizing the radiative recombination from an excitonic state
of a single QD322,323. QD-based single-photon sources
have been extensively studied, and in-depth discussions
can be found in other review articles294,324. A pure
single-photon light field consists solely of single-photon
Fock states, and its purity can be verified by measuring
its second-order intensity correlation function g(2) via a
Hanbury Brown and Twiss (HBT) experiment325. For
a single photon source, the average number of additional
photons arriving at the same time as another “heralding”
photon at t = 0 should be zero and consequently, the
measured g(2)(0) value can be taken as a measure of the
source’s single-photon purity. The first demonstrations of
single-photon emission from QDs were performed under
optical pumping322, and then by electrical pumping326.
The photon statistics of QD single-photon sources can
be degraded by imperfections such as multi-photon emis-
sion from multi-exciton states, or if light is also collected
from nearby QDs. For non-resonant excitation, obtain-
ing a low g(2)(0) generally requires that carriers are not
captured and that they undergo recombination after a
first exciton emission. Therefore, relaxation into the QD
and the radiative cascade causing recombination should
occur on a longer timescale than the decay of the initial
carriers327,328. With resonant, pulsed excitation, g(2)(0)
values very close to zero have been demonstrated for QD
single-photon sources329–331.
In addition to the mechanisms described in section
II A 2 that degrade the indistinguishability of the QD’s
emitted photon, the radiative cascade of high-energy car-
riers results in a temporal uncertainty (i.e. jitter) of
photon emission327, and results in decreasing indistin-
guishability for higher excitation powers332. However,
we note that this can be overcome with strictly resonant
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(a) 
(b) 
FIG. 21. (a) The bottom part shows a typical spectrum of
InAs/GaAs QDs. The top part shows the temporal evolution
of the spectrum showing spectral wandering of the QD transi-
tions. Reprinted figure with permission from Ref. 320. Copy-
right 2005 by the American Physical Society. (b) Calculated
absorption spectra of an InAs QD. At lower temperatures,
the broadband phonon interactions are suppressed, while the
zero-phonon line (ZPL) is asymmetrically broadened. The
inset compares the calculated broadening with experimental
data (circles). Reprinted figure with permission from Ref.
321. Copyright 2004 by the American Physical Society.
pumping schemes329,333. Moreover, resonant pumping
and adding a weak auxiliary continuous wave reference
beam to the excitation beam of the QD can help to sup-
press charge fluctuations334 that would otherwise lead to
spectral diffusion. To suppress the effects of phonon in-
teractions, one can operate at cryogenic temperatures al-
though we acknowledge that for InGaAs QDs at 4 K, PSB
emissions can still represent ∼10% of emission (see Fig.
21a). Also, spectral filtering of the QD ZPL can yield
high indistinguishability close to unity335, albeit at the
expense of photon rates. Since the first Hong-Ou-Mandel
(HOM) two-photon interference experiment with QDs re-
ported indistinguishabilities of ∼70%336, near-unity val-
ues (e.g. 0.995±0.007, Ref. 333) have been consistently
achieved337. Recent research efforts have also focused
on demonstrating high indistinguishabilities of photons
from QDs embedded in nanophotonic waveguides with
temporal delays of up to 14.7µs338–340.
D. Interfacing multiple QDs
Hybrid quantum photonics platforms aim to integrate
multiple quantum sources, including dissimilar quantum
systems, onto the same device. Two-photon interference
has been demonstrated between QDs and other quan-
tum emitters, including atomic vapors343, a Poissonian
laser344, parametric down-conversion source345,346, and
frequency combs347. The rest of this section will focus
on the interfacing of multiple QDs on the same photon-
ics circuit.
To obtain high intereference visibility, the emitted pho-
tons have to be identical, but it is experimentally chal-
lenging to find two QDs with almost identical emission
energies, linewidths, and polarization. While much ef-
fort has been invested in fabricating highly reproducible
QDs348, it is often necessary to employ tuning mecha-
nisms, both for the QDs and the cavity structures they
are embedded in, to match the emission properties and
ensure a high indistinguishability of the photons. A
scalable solution for fully integrated quantum photon-
ics would require that the tuning can be applied locally
and independently to individual QD devices.
a. Temperature Temperature tuning can affect the
bandgap structure, which strongly tunes the QD energy;
it can also alter the refractive index and cause physical
expansion, which would shift the resonances of a cavity
device coupled to the QD. The simplest way to achieve
this is to change the sample temperature in the cryo-
stat, but this does not allow for the tuning of individual
devices349,350. Instead, local temperature changes can be
applied via electrical heaters or laser irradiation315,351,352
(see Fig. 22a). A recent report has also employed tem-
perature tuning of two QDs in a nanophotonic waveguide
to achieve superradiant emission353.
b. Strain QD energy is sensitive to strain tuning,
and strain sensors have been demonstrated by detecting
energy shifts at the µeV level for InGaAs QDs embedded
in a photonic crystal membrane354. However, to achieve
larger tuning ranges, strain can be induced via piezoelec-
tric crystals, and a tuning rate of ∼1 pm/V 318 has been
achieved (see Fig. 22b). A difficulty with this approach
is the relatively large fabrication overhead of integrating
piezoelectric materials. However, another recent work
has shown that strain tuning can be achieved via laser-
induced local phase transitions of the crystal structure,
which circumvents this issue355.
c. Electric field The application of electric fields
across the QD can be used to control the energy of
the QD excitonic lines via the quantum-confined Stark
effect356–358. The application of a forward bias voltage
leads to a blue-shift of the QD emission wavelength of
several nm. This can be complemented by independently
tuning the cavity mode of the photonic crystal structure,
e.g. via electromechanical actuation341,359 (see Fig. 22c).
d. Frequency conversion An alternative strategy is
to tune the emitted photons via on-chip quantum fre-
quency conversion (QFC)297. Ref. 342 performs QFC
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QD in nanowire
(d) Quantum frequency conversion
(a) Temperature tuning (b) Strain tuning (c) Electrical tuning
FIG. 22. (a) [Top] Schematic of a QD device temperature-tuned by laser irradiation on a heating pad. [Bottom] Dependence
of the QD detuning on the heating laser power. Reprinted from Ref. 315, with the permission of AIP Publishing. (b) [Top]
Artistic representation of a waveguide-coupled QD photon source fabricated on a strain-tunable substrate. [Bottom] Emission
spectra of the nanowire QD as a function of the applied voltage to the piezoelectric substrate. Reprinted with permission from
Ref. 318. Copyright 2018 American Chemical Society. (c) [Top] Annotated SEM picture of a device with two integrated QD
devices. The QDs and cavities can be electrically tuned individually. [Bottom] Spectra showing the electromechanical tuning
of the cavities (left) and the Stark tuning of the QDs (right). Reprinted from Ref. 341 under the CC BY 4.0 license. (d) [Left]
Schematic of a device where the emission of two QDs are individually tuned via quantum frequency conversion (QFC). [Right]
Energy diagram depicting the QFC scheme. Reprinted with permission of Springer Nature Customer Service Center GmbH
from Ref. 342, Copyright 2019.
separately on the output of two QDs to convert them
from 904 nm to the telecom C-band, achieving a two-
photon interference visibility of 29±3% (see Fig. 22d).
E. Spin-photon interfaces
By accessing and manipulating the their spin, QDs can
provide not only photonic qubits, but spin qubits as well.
Various level structures can be exploited for qubit en-
coding, and rapid spin initialization, manipulation, and
read-out can be achieved with short optical pulses (in
the nanosecond range)360. Such spin-photon interfaces
can enable many quantum information processing tasks,
such as deterministic spin-photon entanglement and me-
diating strong photon-photon interactions.
The strong nonlinearity at a single-photon level has
led to demonstrations of photon blockade361 and tun-
able photon statistics via the Fano effect362. Single-
photon switches and transistors have been realized via
a QD spin96,363,364 (see Fig. 23a). Coherent control of
the QD spin has also been achieved, with Ref. 365
demonstrating Ramsey interference with a dephasing
time T ∗2 = 2.2± 0.1 ns (see Fig. 23b).
The strong light confinement in nanophotonic cavities
also opens up the possibilities of chiral, or propagation-
direction-dependent, quantum optics366. This can be
used to deterministically induce unidirectional photon
emission from quantum dot spin states, i.e. σ± tran-
sitions emit in different directions367,368 (see Fig 23c).
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FIG. 23. (a) Schematic of the single-photon switch and
transistor. A gate photon controls the state of the spin, and
then the spin determines the polarization of the signal field.
From Ref. 363. Reprinted with permission from AAAS. (b)
Ramsey interference of a QD spin embedded in a nanobeam
waveguide, with a dephasing time T ∗2 = 2.2± 0.1 ns, and a
contrast of 0.04 for the first period. Reprinted figure with
permission from Ref. 365. Copyright 2019 by the Ameri-
can Physical Society. (c) [Left] QD level scheme featuring
two circularly polarized exciton transitions. [Right] Calcu-
lated directional emission patterns of σ+ and σ− transitions.
Reprinted with permission of Springer Nature Customer Ser-
vice Center GmbH from Ref. 367, Copyright 2015.
This can help to realize complex on-chip non-reciprocal
devices such as single-photon optical circulators369.
VI. 2-D MATERIALS
A. Introduction into 2D Materials
Single photon sources in 2D materials have unique ad-
vantages compared to other quantum emitters in 3-D
bulk material. Confined in atomically thin material, they
can potentially have high photon extraction efficiencies
and their emission properties can be controlled by a vari-
ety of effects including strain, temperature, pressure and
applied electric and magnetic field. Indeed, single pho-
ton sources in monolayered 2D material can have almost
unity out-coupling efficiency as none of the emitters are
surrounded by high refractive index material and their
emitted light are consequently not affected by Fresnel or
total internal reflection370,371. In addition, 2D materials
can be easily transferred and integrated with photonic
structures or other 2D materials to form synergistic het-
erostructures that combine the advantages of various ma-
terials together in one unified structure372. In this review
of single photon sources in 2D materials we restrict our-
selves to transitional metal dichalcogenids (TMDC) and
hexagonal boron nitride (hBN) although we acknowledge
that there are other important examples of 2D materi-
als including graphene, anisotropic black phosphorus and
boronphene373–375. An important feature of single pho-
ton emitters in these 2D materials is that similar to NV−
centers in diamonds and QDs, their optical properties can
be interfaced with spin transitions to realize spin polar-
ization and optical spin readout systems376,377. The zero
field splitting in TMDC materials can be up to ∼ 0.7
meV, which is about 50 times higher than InAs/GaAs
self-assembled quantum dots, and it has a surprisingly
large anomalous g-factor of ∼ 8.7 that can potentially al-
low for extremely fast coherent spin coupling378. On the
other hand, hBN has a considerably smaller zero-field
splitting of 0.00145 meV and a more modest g-factor of
2379.
B. Single photon emitters in Transitional Metal
Dichalcogenides (TDMC)
A monolayer of TMDC can be described as a MX2
sandwich structure with M being a transition metal atom
(e.g., Mo, W) enclosed between two lattices of chalco-
gen atom X(e.g., S, Se, Te)381,382. Depending on the
choice of elements and the number of layers present,
TMDC materials can have widely varying electrical, opti-
cal, chemical, thermal and mechanical properties383–388.
Although TMDCs have strong in-plane covalent bonds,
they are only weakly bonded in between the layers by Van
der Waals forces, which allows them to be easily exfoli-
ated to form monolayer flakes. Alternatively, single layer
TMDCs can be fabricated using CVD or MBE389,390.
Despite the fact that multilayer TMDCs have indi-
rect bandgaps, monolayer TMDCs are actually direct
bandgap semiconductors, which enables them to have
enhanced interactions with light383,391–393. There are
two distinctive properties that are associated with mono-
layer TMDCs: strong excitonic effects and valley/spin-
dependent properties. The latter can be attributed to
the fact that there is no inversion center for a mono-
layer structure, which opens up a new degree of free-
dom for charge carriers, i.e. the k-valley index, that
brings new valley-dependent optical and electrical prop-
erties into play387,394–396. In contrast, TMDC’s strong
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FIG. 24. Single photon emitters in TMDC materials: a) con-
tour plot of photoluminescence scanning experiment for WSe2
flake with emission spots at the edges of the flake; b) these
spots possess narrow line emission spectra; c) measurement
of g2(0) for one of the narrow emission lines, the value below
0.5 clearly indicates the single photon properties of the emit-
ter. Reprinted with permission of Springer Nature Customer
Service Center GmbH from Ref. 380, Copyright 2015.
excitonic effects is due to strong Coulomb interactions
between charged particles (electrons and holes) and re-
duced dielectric screening, which result in the forma-
tion of excitons with large binding energies (0.2 to 0.8
eV), charged excitons (trions), and biexcitons397–401.
These manifest themselves by broadband photolumines-
cence (tens of nanometers) in the visible and near-IR
ranges at room and cryogenic temperatures. At the
same time, TMDCs can possess quantum-dot like de-
fects, which exhibit themselves in the photoluminescence
spectrum as a series of sharp peaks with peak intensities
up to several hundred times larger than the excitonic
photoluminescence378,380,402,403 (Fig. 24). For exfoliated
samples these defects are usually associated with local
strain and typically appear at cracks or edges of the flake
while for grown samples they are mostly due to impu-
rities and can appear everywhere. A number of works
have shown that these defects emit in the single pho-
ton regime and can be controlled by induced strain, ap-
plied temperature, electric and magnetic fields378,403–406.
However, a significant drawback is that the single photon
emission quenches at temperatures above 20 K although
some recent research have shown that special treatment
of TMDC flakes can lead to a redistribution of the energy
levels and enable emission at room temperature407,408.
FIG. 25. Single photon emitters in hBN nanoflakes: a) scan-
ning confocal map of hBN nanoflake with bright luminescent
spots corresponding to single defects; b) room temperature
emission spectrum for single defects in mono- and few-layer
hBN nanoflakes; c) measurements of g2(0) for single defects in
mono- and few-layer hBN nanoflakes. The curves are shifted
for clarity demonstrating g2(0)<0.5. Reprinted with permis-
sion of Springer Nature Customer Service Center GmbH from
Ref. 409, Copyright 2016.
C. Single photon emitters in Hexagonal Boron Nitride
(hBN)
hBN monolayers are structurally similar to TDMC but
whereas single photon emitters (SPEs) in TMDCs are
associated with localized excitons, SPEs in insulating
hBN are, similar to color centers in diamond, attributed
to atomic-like defects of the crystal structure409–411.
These defects in hBN are some of the brightest single
photon sources in the visible spectrum and have large
Debye-Waller factors with good polarization contrasts.
Like NV− centers, their electronic levels are within the
band gap (∼ 6eV), resulting in stable and extremely ro-
bust emitters at room temperature over a wide spec-
tral bandwidth ranging from green to near infrared with
most emitters emitting around the yellow-red region412
(Fig. 25). These SPEs in hBN are generally characterized
by short excited state lifetime, narrow linewidth, absolute
photon stability, and high quantum efficiency412. Recent
research indicates that various types of defects are re-
sponsible for the multiplicity of observed ZPL emissions,
including nitrogen vacancy defects (NV), carbon substi-
tutional (of a nitrogen atom) defects, and oxygen related
defects411,413. Interestingly, the asymmetric linewidths
of some of these ZPLs have been attributed to the exis-
tence of two independent electronic transitions414.
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FIG. 26. Deterministic creation of single photon emitters by
strain: a) SEM image of nanopillar substrate, fabricated using
electron beam lithography, black scale bar corresponds to 2
µm; b) illustration of the fabrication method; c) dark-field
optical image of mono-layer WSe2 flake on top of nanopillar
array. Green rectangle indicates the 6 adjacent nanopillars
where single photon emitters were measured; d) examples of
measured spectras at different pillars demonstrating narrow
emission lines; e) measurements of g2(0) for the emission lines
in (d). Reprinted from Ref. 406 under the CC BY 4.0 license.
D. Deterministic Creation and Control of Single Photon
Emitters in 2D Materials
The random distribution of SPEs in 2D materials is a
significant obstacle that prevents their integration with
photonic structures. Deterministically creating SPEs
in 2D materials is therefore an important technological
goal. One way to do so is to induce SPEs by intro-
ducing strain to the material. This concept was suc-
cessfully realized by several groups that transferred 2D
materials onto the tops of metallic or dielectric nanopil-
lar arrays405,406,415 (Fig. 26). The SPE (as confirmed
by measured g2(0)<0.1) yield of this technique exceeds
90 % and the quality of these engineered SPEs was re-
ported to be even higher than naturally occurring defects
with 10 times less spectral diffusion (∼ 0.1 meV)406. An
even simpler (but less scalable) way to create SPEs with
strain was suggested by Rosenberger et al.: place a de-
formable polymer film below the 2D material of interest
and apply mechanical force to the film using an atomic
force microscopy (AFM) tip416. Although this approach
is less scalable, it can enable one to tune the SPE’s op-
tical properties through careful strain engineering with
the AFM tip.
Remarkably, emission from SPE in 2D material de-
fects can be controlled through the application of a
voltage403,404. For example, in Ref. 404, photo and
electro-luminescence were observed from point defects in
a 2D material (WSe2) sandwiched between hBN layers
that served as tunnelling barriers between WSe2 and its
graphene electrodes. Moreover, Schwarz et al. showed
that it was possible to tune the emission wavelength of
the SPE (∼ 0.4 meV/V) by changing the applied bias
voltage, which makes the platform amenable to a host of
technological applications.
E. Enhancement of Emission from 2D Materials by
Coupling into Resonant Modes
Although the tunability and large oscillator strengths
of SPEs in 2D materials make them attractive in pho-
tonic applications, their sub-nanometer thickness results
in a small light-matter interaction length that limits their
efficiency. However, as noted in section II C, this disad-
vantage may be mitigated by coupling them with reso-
nant photonic structures where both their absorption and
emission can potentially be enhanced418. Fortunately,
the atomic thickness of 2D materials makes them espe-
cially amenable to integration with photonic structures
such as planar photonic crystal cavities, ring resonators,
and optical microcavities.
The first demonstration of this came from the coupling
of photoluminescence from SPEs in TMDC materials to
dielectric and plasmonic nanocavities417,420–422 (Fig. 27,
a - c). In Ref. 420, a coupling efficiency of over 80%
was demonstrated and a spontaneous emission enhance-
ment of over 70 times was reported. Intriguingly, the
photoluminescence enhancement can be controlled via
an optical spin orbit coupling, which depends on both
the resonant nanoparticles’ geometry as well as the in-
cident laser’s polarization and power417 (Fig. 27, a, b).
Subsequently, single photon emission from a single emit-
ter in a hBN nanoflake was successfully coupled to both
one and two resonant gold nanospheres419 (Fig. 27, d -
g). These nanospheres were brought into close proxim-
ity with a pre-characterized SPE (verified by measuring
g(2)(0) < 0.5) by means of an AFM tip and the emitter
was observed to have a photon flux of about 6 MHz that
corresponded with a 3-fold Purcell enhancement419.
A natural structure for SPEs in 2D materials to cou-
ple to are noble metal nanopillars since they can kill two
birds with one stone by first facilitating the determinis-
tic creation of SPEs (as discussed in section VI D above),
and then enhancing the created SPEs’ spontaneous emis-
sion through the SPEs’ coupling with surface plasmon
resonances of the metallic nanopillars. This has been
successfully implemented for both TDMCs and hBN at
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FIG. 27. Enhancement of spontaneous emission with nanocavities: (a) Schematic of spiral ring structure with circularly
polarized light excitation. The photoluminescence intensity is enhanced when the MoS2 monolayer couples with plasmonic
spiral structures; (b) Spectra of MoS2 monolayer with and without spiral structures, under the excitation of different circularly
polarized light, inset shows the cross section view of a 2-turn spiral ring. The scale bar is 400 nm. Figures (a) and (b) are
reprinted with permission from Ref. 417. Copyright 2017 American Chemical Society. (c) Spectra of MoS2 monolayer on a
SiO2/Si substrate (blue) and in the nanocavity (red) obtained using a diffraction-limited excitation spot. The inset presents
normalized spectra for the two cases along with the scattering spectrum for a typical nanocavity (gray). Reprinted with
permission from Ref. 418. Copyright 2015 American Chemical Society. (d) Deterministic positioning of gold nanospheres with
hBN nanoflake by AFM tip, white scale bar is 250 nm. (e) A comparison between time-resolved measurements of pristine
and double particle arrangement. (f) A comparison of fluorescence saturation curves between the pristine, single particle, and
double particle arrangements. (g) Measurements of g2(0) for pristine, single particle, and double particle arrangements. The
curves are shifted for clarity. Figures (d) - (g) are republished with permission of the Royal Society of Chemistry from Ref.
419; permission conveyed through Copyright Clearance Center, Inc.
cryogenic and room temperatures where increased bright-
ness, shorter lifetimes and enhanced spontaneous emis-
sion of the SPEs were all reported423–426. Coupling of the
emitter to plasmonic modes results in linearly polarized
emission that depends on the geometry of the nanopil-
lars and the orientation of the optical dipole424. A record
high Purcell enhancement of 551 times was achieved with
metallic nanocubes425.
F. Coupling and Transfer of Emission from 2D Materials
into Photonic Structures
To fully integrate SPEs in 2D materials onto an on-chip
photonic platform, it is also necessary to couple emission
from SPEs into waveguiding photonic structures. To this
end a few groups have successfully coupled emission from
SPEs in 2D materials into the surface plasmon polariton
modes of silver based waveguides. For example, localized
SPEs formed from the intrinsic strain gradient formed
along a WSe2 monolayer when it was deposited on top of
a silver nanowire were efficiently coupled to the guided
surface plasmon modes of the nanowire427. A coupling ef-
ficiency of 39% was measured for a single SPE by compar-
ing the intensity of the laser excited SPE and the emission
intensities at both ends of the silver nanowire427. Sepa-
rately, S. Dutta et al. demonstrated the coupling of sin-
gle emitters in WSe2 to propagating surface plasmon po-
laritons in silver-air-silver, Metal-Insulator-Metal (MIM)
waveguides428 (Fig. 28, a - d). The waveguides were fab-
ricated using EBL, followed by metal deposition of Cr
and Ag, and then a liftoff in acetone with subsequent
protection by a 4 nm buffer layer of oxide. As before,
strain gradients on the monolayer due to the waveguide
generated sharp localized SPEs that were intrinsically
close to the plasmonic mode. Due to the sub-wavelength
confinement of the surface plasmon polariton modes, a
1.89 times enhancement of the SPE’s radiative lifetime
was observed under illumination at 532 nm at cryogenic
(3.2 K) temperatures and bright narrow lines associated
with the SPE’s emission were measured.
Although surface plasmon polariton modes on silver
waveguides may help to enhance the spontaneous emis-
sion of a SPE, the metal interface results in significantly
lossy propagation that is undesirable. Such high prop-
agation losses can be circumvented by using dielectric
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waveguides instead. In Ref. 429, integration of a mono-
layer WSe2 flake with a 700 nm wide Si3N4 waveguide
that was patterned using standard EBL techniques was
achieved by carefully picking up and releasing a bulk ex-
foliated flake using a GelPak stamp (Fig. 28, g - i). Con-
focal scans of the WSe2 monolayer with a 532 nm excita-
tion laser at cryogenic temperatures indicated that sev-
eral SPEs were sufficiently close to the Si3N4 waveguide
to enable coupling to it. Although some luminiscence was
measured at the end of the waveguide, which provided
proof of a non-zero coupling, the SPE’s coupling to the
waveguide is strongly dependent on the orientation of its
optical dipole and consequently, the photoluminiscence
spectra for a confocal scan can be significantly different
from that obtained at the end of the waveguide. Brighter
emission and saturation counts of up to 100 kHz can be
obtained by exciting the SPE at close to the free exci-
ton wavelength (≈ 702 nm) with a tunable Ti:Sapphire
laser. Besides enabling brighter emission, excitation at
702 nm also produces less background fluorescence. Mea-
surements of the background subtracted g(2) correlation
function revealed a clear anti-bunching dip below 0.5 that
confirmed the existence of a SPE.
Finally, we note that there has been successful integra-
tion of SPEs in 2D materials to an on-chip beamsplitter
in the form of a lithium niobate directional coupler430
(Fig. 28, e - f). Indeed, emission from an excited SPE
in a strain engineered WSe2 monolayer was coupled into
one input port of the directional coupler and its pho-
toluminiscence, which consisted of strong emission lines
corresponding to emission from the WSe2 flake, was suc-
cessfully measured at the other output port of the di-
rectional coupler (Fig. 28e), demonstrating the desired
operation of the beam splitter and showing that an on-
chip Hanbury Brown and Twiss measurement is possible.
VII. CONCLUSION AND OUTLOOK
In this paper we have reviewed a variety of quantum
systems with discrete-energy levels that are conveniently
embedded within a solid. These systems, which range
from color centers in diamond to semiconductor quan-
tum dots and defects in 2D materials, have promising
properties and can potentially be used to form the build-
ing blocks of future quantum networks. A feasible way
to realizing these quantum networks is to integrate them
with on-chip optical structures and devices. Such inter-
faces are capable of enhancing the light-matter interac-
tion of these quantum systems and allow efficient interac-
tion between the nodes. However, translation from proof-
of-concept laboratory demonstrations of individual com-
ponents to full-scale quantum devices is still quite imma-
ture. Considerable efforts are required to overcome issues
associated with the material incompatibility of quantum
registers, photonic circuits and other required compo-
nents on the same chip. We propose the following four
critical steps to address this challenge:
First, quantum photonic devices should be thoroughly
designed, fabricated and tested since quantum infor-
mation processing imposes stringent demands on loss
and fabrication accuracy. These demands, which are
at the limits of conventional silicon photonic technology,
might require fabrication for quantum applications to be
achieved at the expense of scalable fabrication by, for ex-
ample, using time-consuming electron beam lithography
instead of photolithography.
Second, the coupling between quantum systems and
resonant photonic cavities should be optimized through
the accurate positioning of the emitter in the cavity.
This calls for further improvements in the reliability
and throughput of methods such as AFM maniupula-
tion, nano-patterning, and various transfer techniques
that have been employed for accurate positioning of these
quantum emitters.
Third, full scalability implies integration with on-chip
single-photon sensitive detectors and lasers on-chip. The
development of on-chip active devices would eliminate
the need for using bulk optics and allow a significantly
smaller footprint for the photonic platform. Design, fab-
rication, and characterization of on-chip photodetectors
and lasers operating at desired performance levels is a
challenging task since it involves multiple fabrication
steps involving various materials that require state-of-
the-art cleanroom facilities and a comprehensive strat-
egy for heat management and integrating associated op-
toelectronics.
Fourth, a crucial building block for quantum networks
is the realization of quantum-mechanical interaction be-
tween two separate quantum nodes on the same optical
chip. Photons emitted by two independent nodes should
be able to coherently interfere on a beamsplitter and pro-
duce an interference signal. This task requires demand-
ing control of quantum emitters and photonic elements
but demonstration of such an interaction would lead to
more complicated schemes of quantum networking, in-
cluding the interaction of a large number of quantum
emitters on the same chip.
Clearly, a consolidation of new technologies is re-
quired to address these challenges and to demonstrate
a platform for quantum networking that is scalable and
amenable to mass manufacturing. This program should
leverage on a broad collaboration between experts in
quantum physics, integrated photonics, material science,
and electronics.
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FIG. 28. Coupling and transport of single photon emission from 2D materials in photonic structures: (a) Scheme of an MIM
waveguide covered by a WSe2 monolayer. The yellow dipole is a quantum emitter, the blue arrows denote the excitation and
collection points; (b) The spectra of the defect with the excitation spot fixed at the location of the defect at the waveguide
and collection spot moved to the far end of the waveguide; (c) and (d) Lifetime measurements for emitters located on the MIM
waveguide and out of it. Figures (a) – (d) were reprinted from Ref. 428, with the permission of AIP Publishing. (e) Scheme
of Ti in diffused lithium niobate directional coupler with a WSe2 flake at the input facet. Emitters are excited in confocal
geometry. Their emission is detected by a confocal microscope and through the two output ports (Port 1 and Port 2); (f)
The spectra measured through the waveguide output port and confocally when the emitter is excited at the facet. Figure (e)
and (f) were reprinted from Ref. 430 under the CC BY 4.0 license. (g) Illustration of the Si3N4 photonic device with a WSe2
flake integrated on top of a 220 nm thick single mode Si3N4 waveguide, separated by 2 air trenches from the bulk Si3N4 ; (h)
Confocal and waveguide-coupled spectrum of the emitter excited by 702 nm pump. The waveguide spectrum is multiplied by
10 and offset by 2000 cts/sec for improved visualization. The inset shows confocal spectra obtained by either green excitation
at 532 nm (green curve) or excitation at 702 nm (blue curve); (i) Background-corrected measurements of g2(0) for the coupled
emitter made in confocal geometry. Figures (g) – (i) were reprinted from Ref. 429 under the CC BY 4.0 license.
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